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ABSTRACT 
 
MARK D. DOHERTY: Synthesis and Catalytic Reactions of Electrophilic Late Metal 
Complexes 
(Under the direction of Professor Maurice Brookhart) 
 
 Late transition metal-catalyzed functionalization of organic substrates is a major 
focus of organometallic chemistry.  In particular, mechanistic studies on the cationic Ni(II) 
and Pd(II) α-diimine catalyzed homo- and co-polymerization of ethylene and α-olefins and 
other polar comonomers revealed several key factors affecting catalyst activity, selectivity 
(polymerization vs. oligomerization vs. dimerization) and stability including large weakly 
coordinating anions and axial bulk.  Separate studies on cationic Co(III) catalysts for the 
living polymerization of ethylene revealed that these electrophilic complexes also catalyze 
olefin hydrogenation, dimerization and hydrosilation.  This dissertation focuses on 
mechanistic studies related to Pd(II) catalyzed ethylene oligomerization and Co(III) catalyzed 
olefin functionalization reactions. 
 Chapter 2 describes the synthesis and characterization of a Pd(II) ethylene 
oligomerization catalyst derived from a sterically bulky, chiral phosphine-oxazoline ligand 
developed in the laboratory of Professor James Morken.  This catalyst incorporates a 
moderate degree of steric bulk in the axial position of the Pd(II) square plane relative to that 
reported for the highly active Ni(II) and Pd(II) α-diimine olefin polymerization catalysts and 
the Ni(II) and Pd(II) ethylene dimerization catalysts possessing no axial bulk.  Catalyst 
activity as a function of ethylene pressure and reaction temperature as well as investigation of 
 iv 
reaction kinetics are discussed in the context of a proposed mechanism for ethylene 
oligomerization.  The moderate degree of steric bulk imparted by the rigid ligand backbone 
over the axial position of the Pd(II) square plane is responsible for ethylene oligomerization 
activity.  Mechanistic studies have established the mode of chain transfer. 
 The synthesis and characterization of proposed reaction intermediates in olefin 
polymerization, hydrosilation and hydrogenation processes catalyzed by electrophilic 
Co(III)-alkyl complexes is the subject of Chapter 3.  Cleavage of the Co-alkyl bond by 
dihydrogen or silane is postulated to proceed through either an oxidative addition – reductive 
elimination sequence or a σ-bond metathesis pathway.  To gain further insight into these two 
pathways, the reactions of cationic Co(III)-ethyl complexes with H2 and silanes have been 
examined.  Low temperature 1H and 29Si NMR experiments used to establish the bonding 
interactions of these substitutionally labile and thermally unstable σ-complex intermediates 
as well as relevant dynamic processes are described. 
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CHAPTER ONE 
Transition Metal Catalyzed Olefin Functionalization: 
Introduction and Background 
 
 
 With global energy demands continuously growing, the need for cheap, efficient and 
environmentally friendly methods for the conversion of petroleum based feedstock’s 
(alkanes, alkenes, etc.) into industrially relevant materials is at an all time high.  Over the last 
30 years, a significant amount of research has been devoted to discovering new means of 
achieving this goal, with a large portion of this research focused on developing catalytic 
systems.  As such, there are numerous examples where transition metal complexes have been 
developed as relatively cheap and efficient alternatives to common stoichiometric routes.  
These processes range from those producing commodity chemicals (olefin polymerization, 
methanol carbonylation, etc.), to those producing more specialized chemicals such as 
enantioselective variants of cyclopropanation or hydrogenation processes so often used in the 
synthesis of biologically active compounds.1 
 The carbonylation of methanol to generate acetic acid is one of the most well known 
industrial catalytic processes.2-4  It involves a Co (BASF)2 or Rh (Monsanto)4 carbonyl 
complex and an iodide cocatalyst to convert methanol as well as higher alcohols to the 
corresponding carboxylic acids as shown in Scheme 1.1 for the rhodium catalyst.  This
 2 
 catalytic cycle is composed of several steps which are ubiquitous in organometallic 
chemistry.  Oxidative addition of methyl iodide to the Rh(I) active species, [Rh(CO)2I2]-, 
followed by alkyl-CO migratory insertion generates a Rh(III) acyl species (steps i and ii).  
Coordination of an additional CO ligand followed by acetyl iodide reductive elimination 
completes the Rh cycle and regenerates the Rh(I) active catalyst (steps iii and iv).  Acetyl 
iodide hydrolysis generates the desired product, acetic acid, and HI (step v) which is then 
consumed in converting methanol to the more electrophilic methyl iodide (step vi).  Both of 
these catalyst systems suffer from limitations; the cobalt system requires harsh reaction 
conditions (~210°C/700 atm CO) while near quantitative recycling of the rhodium is required 
due to its high cost. 
Scheme 1.1. Mechanism of the Rh catalyzed carbonylation of methanol to acetic acid. 
[RhI(CO)2I2]-
[CH3-RhIII(CO)2I3]-
[CH3C(O)-RhIII(CO)I3]-
[CH3C(O)-RhIII(CO)2I3]-
CH3I
CO
CH3C(O)I
i
iiiii
iv
HI
CH3ICH3C(O)I
CH3OH
CO
CH3CO2H
H2O
vi
v
Rh cycle I - cycle
 
 Another well known catalytic process is the addition of CO and H2 to an olefin to 
generate aldehydes.  Hydroformylation is one of the oldest and largest homogeneous 
catalytic processes involving olefins obtained directly from the refinement of petroleum.1, 5-8  
Carbonyl complexes of rhodium and cobalt are by far the most active catalysts, while 
carbonyl complexes of Ru, Mn and Fe are orders of magnitude slower.9   The accepted 
mechanism (shown in Scheme 1.2 for the cobalt catalyst) of this process has several 
 3 
similarities to that proposed for the carbonylation of methanol discussed previously.  
Dissociation of CO from the HCo(CO)4 precatalyst generates a 16e- coordinatively 
unsaturated species, HCo(CO)3, which then coordinates the olefin substrate through the pi 
bond resulting in a CoI η2-olefin complex (step i).  Insertion of the olefin into the Co-H can 
occur in one of two ways; 1,2-insertion results in a linear Co-alkyl linkage (step ii, inner 
cycle) whereas insertion into the more substituted carbon, 2,1-insertion, results in a branched 
Co-alkyl complex (step ii, outer cycle).  Coordination of CO to this 16e- intermediate 
followed by alkyl-CO migratory insertion generates a coordinatively unsaturated 16e- CoI-
acyl intermediate (steps iii and iv).  Oxidative addition of H2 generates a CoIII-acyl dihydride 
intermediate which upon reductive elimination of the linear or branched aldehyde product 
regenerates the 16e- active species, HCo(CO)3 (steps v and vi). 
Scheme 1.2. Mechanism of the Co catalyzed hydroformylation of α-olefins 
HCoI(CO)4
CO
HCoI(CO)3
(CO)3CoI
CHR
CH2
H
(CO)3CoI (CO)3CoI
R
R
(CO)4CoI
R
(CO)4CoI
R
(CO)3CoI R
O
(CO)3CoI
O
R
(CO)3CoIII R
O
H
H
(CO)3CoIII
O
H
H R
R
CO
CO
H2
H2
O
R
H
R
O
H
i
ii ii
iii
iii
iv
iv
v
v
vi
vi
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Olefin Dimerization, Oligomerization and Polymerization. 
 In addition to hydroformylation, there are a variety of catalytic processes which 
involve the transformation of olefinic substrates.  Olefin polymerization is responsible for the 
abundance of new plastic and rubber-like materials commonly found in everyday household 
items from food storage containers to sports equipment.  Polyolefin production was initially 
limited to free radical processes which led to the synthesis of semi-crystalline, high 
molecular weight, low density polyethylene (LDPE).  Early catalyst systems developed by 
Ziegler in the 1950’s consisted of alkylaluminum compounds and titanium or zirconium 
halides which polymerize ethylene to produce a linear, crystalline material known as high 
density polyethylene (HDPE).  Similar catalyst systems developed by Phillips utilized 
chromium oxides deposited on silica which also produce HDPE, but without the need for 
alkylaluminum co-catalysts.  The scope of these reactions was also expanded to include the 
copolymerization of ethylene with α-olefins to generate linear low density polyethylene 
(LLDPE). 
 More recently “single-site” catalyst systems based on the combination of metallocene 
catalysts and methyl aluminoxane (MAO) co-catalysts have been explored for olefin 
polymerization activity.10, 11  While the exact structure of the MAO co-catalyst is still 
unknown, it is generally accepted that it activates these metallocene catalysts by alkylating 
the metal to generate Cp2M(CH3)2 intermediates, followed by abstraction of a methyl group 
to generate a cationic active species (Scheme 1.3).  Further research on the effect of various 
substitution patterns on the Cp ligands has led to the development of stereoregular propylene 
polymerization catalysts (Figure 1.1).12-18  
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Scheme 1.3. Activation of metallocene catalysts by MAO 
M
X
X
Al
Me
O
n
M
CH3
CH3 M CH3
+ [CH3(MAO)]-
 
 Although these early metal catalysts exhibit high polymerization activity and produce 
high molecular weight olefin homo- and copolymers, their ability to copolymerize olefins 
with heteroatom substituted monomers is limited by the high oxophilicity typically 
associated with electron poor d0 metals.  In an effort to avoid this disadvantage, researchers 
have focused on the late transition metals, in particular Fe,19-21  Co,20-26 Ni27-31 and Pd.32, 33  
Early reports indicated that catalysts based on late metals were in fact less oxophilic, 
however they also did not produce high molecular weight polymer.  This has been attributed 
to a much more rapid β-H elimination pathway relative to olefin insertion.  Consequently, 
several late metal complexes have been used as catalysts for olefin dimerization and 
oligomerization.33-40 
MR Cl
Cl
Zr
Cl
ClR
R ZrCl Cl
M = Zr, Ti, Hf
R = CH2CH2, Si(CH3)2
isotactic PP
Ewen, 1984, 1987
Kaminsky, 1985
R = CH3, Ph
syndiotactic PP
Ewen and Razavi, 1988
stereoblock PP
Coates and Waymouth, 1988
 
Figure 1.1. Metallocene catalysts for the stereoregular polymerization of propylene 
 The Shell Higher Olefin Process (SHOP) is arguably the most well know industrial 
application of late transition metal-catalyzed olefin oligomerization.  As shown in Scheme 
1.4, an electrophilic P^O chelated Ni-H catalyst is used to oligomerize ethylene to yield a 
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Schulz-Flory distribution of α-olefin oligomers in the range of C4 – C30+.  These catalysts are 
selective for the formation of 98% α-olefins and >99% linear olefins.  The desired C8 – C18 
fraction is separated via distillation from the C4 – C6 and C20+ fractions which are isomerized 
separately before being reacted over a heterogeneous olefin metathesis catalyst, usually 
MoO3 on Al2O3, to generate a broad range of internal olefins.  These internal olefins, mostly 
in the C10 – C18 range, are then converted to useful terminal alcohols via hydroformylation 
with a cobalt catalyst.41, 42 
Scheme 1.4 The Ni(II) catalyzed Shell Higher Olefin Process (SHOP) 
Ni
H
PPh3P
O
Ni H
P
O
Ni
H
P
O
Ni
P
O
Ni
P
O
n
Ni
H
P
O
n-1
n
n-1
P
O
P
O
Ph Ph
P
O
Ph Ph
O
70°C
-PPh3
 
 Ensuing research focused on strategies to reduce the rate of β-H elimination relative 
to chain propagation in order to produce high molecular weight polymers using late transition 
metal catalysts.  A significant advance in this area was contributed by Brookhart and 
coworkers who determined that incorporating steric bulk into the ortho positions of the N-
aryl substituents of cationic α-diimine ligated Ni(II) and Pd(II) complexes resulted in higher 
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catalyst activity as well as high molecular weight polymers.43  Several experimental32, 43-46 
and theoretical studies47-50 indicate that these ortho substituents are positioned above and 
below the axial positions of the square planar metal center, inhibiting associative chain 
transfer by preventing monomer approach (Scheme 1.5).  In addition to the effect of axial 
bulk, these catalysts also employ the weakly coordinating fluorinated tetraaryl borate 
counteranion, [B(3,5-(CF3)2C6H3)4]-, which stabilizes the unsaturated cationic metal center 
during polymerization.  The combination of these two features allowed for the homo- and 
copolymerization of ethylene with a variety of olefinic comonomers (α-olefins, acrylates, 
vinyl alkoxy silanes, etc.) to high molecular weight polymer with unique microstructures.43, 
51-54
  
Scheme 1.5. Effect of axial bulk on chain transfer 
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 Several other ligand architectures were designed for use in olefin polymerization 
catalysis based on the incorporation of steric bulk in the axial positions of square planar 
metal complexes (Figure 1.2).  Highly active neutral Ni(II) ethylene polymerization catalysts 
prepared from monoanionic salicylaldimine (N^O)55, 56 ligands bearing an ortho-disubstituted 
N-aryl ring and the related anilinotropone (N^O)28-31 based ligands produced high molecular 
weight polymers with low molecular weight distributions.  Arylphosphinidene-thioaryl 
(P^S)37 and bis-aryl substituted phosphinidene (P^P)57 ligands containing ortho-disubstituted 
aryl rings also showed high ethylene polymerization activity.  Related Ni(II) and Pd(II) 
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catalysts bearing simple bidentate ligands lacking axial bulk show only ethylene dimerization 
activity.33-36, 58  
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Figure 1.2. Ni(II) and Pd(II) ethylene polymerization catalysts which incorporate axial bulk 
η2-H2 and η2-Silane Complexes in Olefin Hydrosilation and Hydrogenation. 
 The first transition metal complex containing an intact η2-dihydrogen ligand, 
W(CO)3(P(iPr)3)2(H2), was reported by Kubas in 1984.59  This significant discovery led to the 
synthesis and isolation of a variety of η2-H2 complexes (Figure 1.3).60-66  These compounds 
coordinate to the metal center via σ-bond donation to an empty σ orbital as well as back 
donation of electron density from a filled dpi orbital into the vacant H-H σ* orbital (Figure 
1.4 a).  Weak back donation by somewhat electron-poor metal centers into the H-H σ* 
orbital is essential for the isolation of stable η2-coordinated dihydrogen complexes.  This is 
manifested in a decrease of the value of the H-D coupling constant of the corresponding η2-
HD analogue and elongation of the H-H bond distance as determined by high quality x-ray or 
neutron diffraction data.  However, strong back donation by an electron rich metal center 
results in cleavage of the H-H bond and full oxidative addition of H2 to the metal to generate 
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a metal dihydride complex.  The amount of back donation into the H-H σ* orbital is 
governed primarily by the electron density at the metal center since the hydrogen’s have no 
additional substituents.  Consequently, many of the structurally characterized η2-dihydrogen 
transition metal complexes are electron poor as a result of either pi-acidic ligands (such as 
CO) or a cationic metal center or both. 
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Figure 1.3. Examples of η2-H2 complexes 
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Figure 1.4. Bonding interactions of metal η2-H2 and η2-Si,H complexes 
 In addition to dihydrogen, there are a variety of structurally characterized η2-
coordinated X-H ligands in organometallic chemistry (Figure 1.5).  Interaction of boron 
compounds with metal complexes has been observed in some cases leading to the isolation of 
η2-B,H complexes.67  Similar examples of stable η2-C,H bonds have been reported in both 
metal σ-alkane68 and metal alkyl complexes.  In particular, there are several complexes 
reported in which a β Csp3-H bond is coordinated to the metal in a three-center, two-electron 
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interaction commonly referred to as an agostic interaction.27  These η2-B,H complexes have 
often been proposed as catalyst intermediates in olefin hydroboration69 whereas the β-agostic 
species have been shown to be catalyst intermediates in olefin polymerization43 or catalyst 
resting states in olefin dimerization.35  This mode of coordination to transition metal 
complexes has been extended to η2-Si,H70 and η2-Sn,H71 systems as well. 
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Figure 1.5. Non-classical interactions of X-H bonds with transition metals 
 Following the discovery by Kubas of metal dihydrogen complexes, there was a 
resurgence of interest in η2-silane complexes of the type shown in Figure 1.5.  These 
complexes closely resemble η2-H2 complexes in the way they coordinate to transition metals; 
however their increased size and ability to coordinate three additional substituents at Si has a 
significant impact on their structure and reactivity.  As with the dihydrogen complexes, 
bonding consists of a combination of donation from the Si-H σ bond into a vacant metal σ 
orbital and back donation from a filled metal dpi orbital into the antibonding Si-H σ* orbital 
(Figure 1.4 b).  Electron-donating substituents on Si shift the Si-H σ and σ* orbitals to higher 
energy relative to the metal σ and dpi orbitals.  This has the effect of increasing the Si-H σ to 
metal σ donation and decreasing the dpi to Si-H σ* back donation, ultimately resulting in an 
overall weak M-Si-H interaction with a largely intact Si-H bond.  Electron-withdrawing 
substituents on Si however, shift the Si-H σ and σ* orbitals to lower energy relative to the 
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metal σ and dpi orbitals.   However the decreased Si-H σ to metal σ donation and increased 
metal dpi to Si-H σ* back donation often generates a metal silyl hydride species as a result of 
complete oxidative addition. 
 Metal η2-silane complexes are routinely characterized using techniques similar to 
those mentioned previously for η2-H2 complexes.  The magnitude of the 1H-29Si coupling 
constant and/or the Si-H bond length as determined by x-ray or neutron diffraction is 
generally used to determine the amount of Si-H bonding present in these systems.  
Significant three-center, two-electron bonding between the Si-H bond and the metal center 
results in a decrease in the observed coupling constant as well as elongation of the Si-H bond 
length.  As is the case for η2-H2 complexes, formation of η2-silane ligands is favored for 
electrophilic metal complexes that contain pi-acidic ligands (such as CO) or cationic metal 
centers. 
Research Goals and Achievements 
 Significant research in the Brookhart lab over the last 10 – 15 years has focused on 
the late transition metal catalyzed transformations of olefins.  Mechanistic studies on the 
cationic Ni(II) and Pd(II) α-diimine catalyzed homo- and co-polymerization of ethylene and 
α-olefins and other polar comonomers revealed several key factors affecting catalyst activity, 
selectivity (polymerization vs. oligomerization vs. dimerization) and stability including large 
weakly coordinating anions and axial bulk.  Separate studies on cationic Co(III) catalysts for 
the living polymerization of ethylene revealed that these electrophilic complexes also 
catalyze olefin hydrogenation, dimerization and hydrosilation.  The goals of this research 
were to expand upon the work previously carried out in the Brookhart lab pertaining to Pd(II) 
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and Co(III) catalysts, with a focus on mechanistic studies, characterization and isolation of 
catalyst intermediates. 
 Chapter 2 details the synthesis, isolation and characterization of a Pd(II) ethylene 
oligomerization catalyst derived from a sterically bulky, chiral phosphine-oxazoline ligand 
developed in the laboratory of Prof. James Morken while at UNC.  A benzylic Csp3-H bond 
of the ligand backbone is situated above the Pd(II) square plane, partially shielding the metal 
center from associative chain transfer by ethylene.  This catalyst employs a moderate degree 
of steric bulk relative to the highly active Ni(II) and Pd(II) α-diimine olefin polymerization 
catalysts and the Ni(II) and Pd(II) ethylene dimerization catalysts possessing no axial bulk.  
Variation of ethylene pressure, reaction temperature and nitrile concentration are discussed in 
the context of their effect on catalyst activity and product distribution.  These studies suggest 
a propagation mechanism which is first order in ethylene at low ethylene pressures and 
exhibits saturation in ethylene, which can be described using Michaelis-Menton kinetics, at 
high ethylene pressures.  In addition, the insensitivity of the Schulz-Flory α value towards 
ethylene and nitrile concentration suggests a chain transfer mechanism involving 
intramolecular chain transfer to monomer rather than associative displacement of olefin from 
an olefin hydride species.  Catalyst structure is also examined as it relates to catalyst activity 
and selectivity for ethylene oligomerization vs. polymerization or dimerization. 
 Chapter 3 focuses on the synthesis and characterization of potential reaction 
intermediates in olefin polymerization, hydrosilation and hydrogenation processes catalyzed 
by electrophilic Co(III) complexes.  The final step in these reaction sequences involves 
cleavage of a Co(III)-alkyl bond by H2 or silane by one of two possible pathways: oxidative 
addition-reductive elimination through a high energy Co(V) intermediate or σ-bond 
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metathesis at Co(III).  Addition of dihydrogen to a cationic Co(III)-ethyl complex generates a 
cationic “Co(H)3” species which has been identified as an η2-H2 complex based on the H-D 
coupling constant obtained using low temperature 1H NMR spectroscopy of partially 
deuterated isotopologues.  The reactivity of this dihydrogen complex towards a variety of 
organic substrates has also been examined, including nitriles, phosphines, olefins, methanol 
and triethylamine.  This cobalt alkyl complex reacts similarly with silanes, generating η2-
silane hydride complexes based on 1H-29Si coupling constants obtained from low temperature 
1H/29Si HMQC spectroscopy.  Dynamic processes associated with these η2-silane hydride 
complexes are characterized using variable temperature 1H NMR spectroscopy.  The 
structure of these complexes is also evaluated as it relates to the possible mechanisms of Co-
alkyl cleavage involved in olefin hydrosilation, polymerization and hydrogenation reactions.  
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CHAPTER TWO 
Ethylene Oligomerization Catalyzed by a Unique Phosphine-oxazoline 
Pd(II) Complex. Propagation and Chain Transfer Mechanisms. 
 
Introduction 
 The polymerization of ethylene and α-olefins using late transition metal complexes 
has been an active area of research over the last decade.1-5  Most thoroughly studied have 
been cationic Ni(II) and Pd(II) aryl-substituted α-diimine complexes bearing ortho 
substituents which are effective catalysts for the polymerization of ethylene and α-olefins to 
high molecular weight materials through a coordination-insertion mechanism.1-10  The 
orthogonal orientation of the two N-aryl rings with respect to the metal square plane positions 
the ortho substituents above and below the axial coordination sites of the metal.  This feature 
has been shown to be responsible for inhibiting chain transfer relative to chain propagation 
thus resulting in polymer formation from ethylene and other olefinic monomers.3, 7, 11-17   
 The concept of incorporating steric bulk into the axial sites of d8 square-planar 
complexes to inhibit chain transfer has provided a design feature which has been used to 
prepare several other polymerization and oligomerization catalysts.  Highly active neutral 
Ni(II) catalysts for ethylene polymerization have been prepared from monoanionic 
salicylaldiminato ligands bearing an ortho-disubstituted N-aryl ring.18, 19  Similar systems 
based on  anilinotropone and related ligands also polymerize ethylene to give high molecular 
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weight polymers with low molecular weight distributions.20-23  Other related Pd(II) systems 
for ethylene polymerization/oligomerization which incorporate one or two ortho-
disubstituted aryl groups into the ligand backbone include bis-aryl-substituted phosphindene 
(P^P) complexes (polymerization),24 mixed  aryl phosphinidene-arylimine (P^N) complexes 
(oligomerization),25 arylimine-phosphine (N^P) complexes (oligomerization),26 
arylphosphinidene-thioaryl (P^S) complexes (oligomerization/polymerization)25 and 
phenacylphosphine (P^O) complexes (oligomerization).27, 28  
 A number of bidentate Pd(II) complexes lacking ligand substitution patterns which 
place substituents near axial sites prove to be simple ethylene dimerization catalysts.29-33  For 
example protonation of the (1,10-phenanthroline)PdMe2 complex generates an ethylene 
dimerization catalyst in which the resting state is the ethyl ethylene complex (1,10-
phenanthroline)Pd(C2H4)(CH2CH3)+.  Several simple bidentate phosphine Pd(II) complexes 
also exhibit dimerization catalysis.32, 33  In cases where substituents on phosphorus are small 
the ethyl ethylene complex, (P^P)Pd(C2H4)(CH2CH3)+, is the resting state but in cases where 
phosphorus bears larger substituents the agostic ethyl complex, (P^P)Pd(CH2CH2-µ-H)+, is 
the resting state and the turnover frequency is first-order in ethylene.32 
 In connection with other research,34 the (phosphine-oxazoline)palladium(II) 
dichloride complex, 1, shown in Figure 2.1 was synthesized.  Examination of the X-ray 
crystal structure revealed an axial interaction between the Csp3-H bond of the ligand 
backbone and the palladium with a Pd…H separation of 2.32 Å and a Pd…H-Csp3 angle of 
144.3°.  Upon coordination to palladium the 1H NMR chemical shift of the benzylic proton 
exhibits a large downfield shift from 6.15 ppm to 9.42 ppm (∆δ = 3.27 ppm) and exhibits 
phosphorus coupling (2JH,P = 2.6 Hz).  These observations are consistent with those for 
 20 
Pt(II)35-40 and Pd(II)41, 42 complexes possessing similar M···H-C interactions which are best 
described as 3-center, 4-electron interactions. 
PPh2
Pd
N
O
O
O
H
ClCl
1
 
Figure 2.1. (phosphine-oxazoline)PdCl2 
 Given that the presence of axial bulk has a significant impact on catalyst reactivity, 
the axial Pd···H interaction of 1 led us to wonder if this axial interaction would provide 
sufficient steric bulk to effectively retard chain transfer and result in oligomerization or 
polymerization of ethylene.  We report here the synthesis of new (phosphine-
oxazoline)palladium(II) complexes related to 1 and mechanistic studies of their activity as 
ethylene oligomerization catalysts. 
Results 
 Synthesis of [(L^L’)Pd(CH3)(NCArF)][A] (A = SbF6, B(ArF)4; ArF = 3,5-
(CF3)2C6H3) complexes.  Treatment of (COD)PdMeCl with the appropriate bidentate ligand 
(2-4) led to isolation of the corresponding (L^L’)PdMeCl complexes, 2a-4a, as light yellow 
solids which have been fully characterized by 1H, 13C and 31P{1H} NMR spectroscopy as 
well as x-ray crystallography (Scheme 2.1).  In complex 2a the 1H NMR chemical shift of the 
benzylic hydrogen is shifted downfield with respect to the free ligand at 8.83 ppm (∆δ = 2.68 
ppm) and coupled to phosphorus (2JHP = 4 Hz) analogous to complex 1.  The CH3 signals for 
2a and 3a appear at 0.62 ppm (3JHP = 4 Hz) and 0.41 ppm (3JHP = 3 Hz), respectively, as 
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doublets due to phosphorus coupling while the CH3 signal for 4a appears at 1.19 ppm as a 
singlet.   
Scheme 2.1.  Synthesis of cationic Pd(II)-CH3 complexes 
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 Single crystals of 2a and 3a suitable for x-ray diffraction analysis were obtained by 
slow evaporation of dichloromethane-d2 and dichloromethane solutions, respectively.  An 
ORTEP drawing and key bond distances and angles of 2a are given in Figure 2.2 while those 
for 3a are given in Figure 2.3 (crystallographic data are summarized in Table 2.5, see 
experimental section).  Both complexes are four coordinate with square planar geometry, the 
most notable features being the cis orientation of the methyl and phosphine ligands in both 
complexes as well as the axial interaction with the C-H bond of the ligand backbone in 2a 
(Pd(1)-H(11) 2.33 Å, Pd(1)-H(11)-C(11) 144.1°).  As with complex 1, this interaction is 
most likely a result of steric constraints imparted to the ligand backbone upon coordination to 
palladium.   
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Figure 2.2. ORTEP diagram of (StePHOX)PdMeCl, 2a.  Selected bond lengths (Å) and 
angles (deg): Pd(1)-C(1) 2.046(4), Pd(1)-Cl(1) 2.364(9), Pd(1)-N(2) 2.173(3), N(2)-C(6) 
1.268(5), C(6)-C(7) 1.500(6), C(7)-C(11) 1.524(5), C(11)-C(12) 1.509(6), C(12)-C(17) 
1.414(5), C(17)-P(1) 1.838(4), P(1)-Pd(1) 2.225(2), Pd(1)-H(11) 2.33, H(11)-C(11) 0.98; 
C(1)-Pd(1)-Cl(1) 90.64(1), Cl(1)-Pd(1)-N(2) 86.90(9), N(2)-Pd(1)-P(1) 90.47(9), P(1)-Pd(1)-
C(1) 91.97(1), Pd(1)-N(2)-C(6) 132.7(3), N(2)-C(6)-C(7) 127.3(4), C(6)-C(7)-C(11) 
116.6(3), C(7)-C(11)-C(12) 115.5(4), C(11)-C(12)-C(17) 123.3(4), C(12)-C(17)-P(1) 
125.2(3), C(17)-P(1)-Pd(1) 117.04(1), Pd(1)-H(11)-C(11) 144.1. 
 
 
Figure 2.3. ORTEP diagram of (PHOX)PdMeCl·CH2Cl2, 3a·CH2Cl2.  The CH2Cl2 has been 
omitted for clarity.  Selected bond lengths (Å) and angles (deg): Pd(1)-C(1) 2.097(3), Pd(1)-
Cl(1) 2.369(2), Pd(1)-N(2) 2.141(3), N(2)-C(6) 1.276(4), C(6)-C(7) 1.469(4), C(7)-C(12) 
1.415(4), P(1)-C(12) 1.830(3), Pd(1)-P(1) 2.208(2); C(1)-Pd(1)-Cl(1) 88.69(1), Cl(1)-Pd(1)-
N(2) 92.18(1), N(2)-Pd(1)-P(1) 84.41(1), P(1)-Pd(1)-C(1) 94.69(1), Pd(1)-N(2)-C(6) 
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130.0(2), N(2)-C(6)-C(7) 127.0(2), C(6)-C(7)-C(12) 122.4(2), C(7)-C(12)-P(1) 120.5(2), 
C(12)-P(1)-Pd(1) 108.48(1). 
 
 The cationic nitrile complexes 2b and 3b were prepared by addition of AgSbF6 and 
3,5-bis(trifluoromethyl)benzonitrile to methylene chloride solutions of 2a and 3a at room 
temperature (Scheme 2.1).  The 1H NMR spectrum of 2b shows a similar downfield shift of 
the benzylic proton with respect to the free ligand at 8.48 ppm (∆δ = 2.33 ppm) as well as 
coupling to phosphorus (2JHP = 4 Hz).  Both methyl doublets in 2b and 3b exhibit a slight 
downfield shift relative to 2a and 3a and appear at 0.75 ppm (3JHP = 2 Hz) and 0.49 ppm 
(3JHP = 2 Hz), respectively. Signals for the bound nitrile appear at 8.31 (Hortho) and 8.28 
(Hpara) ppm for 2b, and 8.38 (Hortho) and 8.29 (Hpara) ppm for 3b.  Complex 4b can be 
prepared in a similar manner by treatment of 4a with NaB(ArF)4 and 3,5-
bis(trifluoromethyl)benzonitrile in methylene chloride at room temperature. 
 Ethylene Oligomerization.  The results of a series of ethylene oligomerization 
reactions carried out in methylene chloride using catalysts 2b – 4b are summarized in Table 
2.1.  Complex 2b produces a Schulz-Flory distribution of olefins containing an even number 
of carbons.  The Schulz-Flory constant, α, represents the probability of chain propagation 
and is calculated from the ratio of Cn+2/Cn oligomers produced as shown in equation 2.1.43  
The primary products are linear α-olefins with the remainder (up to 25%) being made up of 
linear 2-alkenes (as determined by GC analysis).  Branched olefins are not observed under 
any reaction conditions examined.  While complex 2b produces a distribution of olefins, 
catalysis employing complexes 3b and 4b produce solely butenes under the reaction 
conditions, therefore the remainder of this section will deal with catalyst 2b. 
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Table 2.1.  Oligomerization of ethylene in methylene chloride 
Entry catalyst [cat]  (x105 M) P(C2H4) (psig) T (°C) αa Time (h) TOFb 
1 2b 9.7 200 25 0.53 0.5 1310 
2 2b 9.7 200 25 0.53 1 1560 
3 2b 9.7 200 25 0.54 3 980 
4 2b 9.7 200 25 0.55 8.33 790 
5 2b 9.7 400 25 0.49 1 2260 
6 2b 9.7 700 25 0.53 1 2560 
7 2b 9.7 200 50 0.35 1 15760 
8 3b 9.7 200 25 N/Ac 1     --- 
9 4b 9.7 200 25 N/Ac 1 --- 
a
 Schulz-Flory α.  b Turnover frequency = mol of ethylene consumed/mol of Pd catalyst per 
hour. c Only butenes produced.   
 
α = rate of propagation
rate of propagation + rate of chain transfer =
moles of Cn+2
moles of Cn
 (2.1) 
 The oligomerization data presented in Table 2.1 exhibits several trends.  An increase 
in the ethylene pressure results in higher observed turnover frequency (TOF) (entries 2, 5 and 
6) while not significantly altering the α values.  However, doubling the pressure (entry 2 vs. 
5) does not result in a doubling of the TOF while increasing the pressure by a factor of 3.5 
(entry 2 vs. 6) does not result in a similar increase in the TOF.  This indicates that at higher 
ethylene pressures the reaction is approaching saturation behavior.  This approach to 
saturation behavior can be described using the Michaelis-Menton equation (eq 2.2) which 
can be rearranged into a linear expression (eq 2.3).  A plot of 1/TOF versus 1/[PC2H4], a 
Lineweaver-Burk plot, should yield a straight line with a y-intercept at 1/TOFMAX and a slope 
of Km/TOFMAX.  TOFMAX represents the turnover frequency under conditions where the 
reaction is saturated in ethylene. The Lineweaver-Burk plot of data from Table 2.1 (entries 2, 
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5 and 6) as shown in Figure 2.4 provides a TOFMAX of 3600 mol ethylene per mol Pd per 
hour and kobs = 1.0 s-1 at 25°C, which corresponds to ∆G‡ = 17.5 kcal/mol. 
V =
VMAX[S]
{Km + [S]}
 (2.2) 
1
V
=
Km
VMAX[S]
1
VMAX
+
 (2.3) 
y = 0.718x + 2.775
R2 = 0.991
0
1
2
3
4
5
6
7
0 1 2 3 4 5 6
1/P(C2H4) (x103)
1/
TO
F 
(x1
04
)
 
Figure 2.4. Lineweaver-Burk plot of ethylene oligomerization data. 
 An increase in reaction temperature from 25°C to 50°C results in a 10 fold increase in 
catalyst activity (entry 2 vs. 7).  This increase in activity is also accompanied by an increase 
in the rate of chain termination relative to propagation, as can be seen by the lower value of 
the Schulz-Flory constant, α.  At longer reaction times, the catalyst activity decreases as a 
result of catalyst decay (Table 2.1, compare entries 1-4).  The Schulz-Flory α values remain 
constant indicating that the decomposition products, although unknown, do not significantly 
interfere with the oligomerization process. 
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 Effects of Excess NCArF, Determination of Keq and NCArF Self-Exchange Rates.  
Addition of excess nitrile to the reaction mixture inhibits the rate of formation of α-olefins as 
can be seen by the data shown in Table 2.2.  This decrease in activity is not accompanied by 
a decrease in the Schulz-Flory α value indicating the added nitrile has not affected the ratio 
of chain transfer to chain propagation rates.  The high concentrations of NCArF necessary to 
effectively inhibit oligomerization indicate that under normal oligomerization conditions (no 
added nitrile) an alkyl nitrile species is present only in low concentrations relative to other 
species (see below). 
Table 2.2. Effect of added NCArF on ethylene oligomerization 
Entry NCArF equiv.a [NCArF] (x105 M) α Time (h) TOFb 
1 0 0 0.53 1 1560 
2 3 29 0.51 1 1230 
3 10 97 0.50 1 1380 
4 50 485 0.52 2 840 
5 100 970 0.52 2 750 
6 250 2425 0.53 2 610 
7 500 4850 0.52 2 380 
a Reaction conditions:  [2b] = 9.7 x 10-5 M, 200 psig ethylene, 25°C, 100 mL CH2Cl2. b TOF 
= mol of ethylene consumed/mol of Pd catalyst per hour 
 
 To assess the relative binding affinities of ethylene and 3,5-bis(trifluoromethyl)-
benzonitrile, the equilibrium constant for the reaction shown in Scheme 2.2 was determined.  
When complex 2b was treated with ethylene (5, 10 and 20 equivalents) at -80°C an 
equilibrium mixture of 2b and 2c was generated and the ratio of the two complexes 
determined by integration of the two methyl signals at 0.600 ppm and 0.391 ppm, 
respectively.  Measurement at -80°C was necessary to avoid complications from insertion 
chemistry of 2c and rapid (NMR timescale) interconversion of these species due to 
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associative ligand exchange.  The measured Keq was 0.13 indicating a ca. order of magnitude 
difference in binding affinities.  Since the ∆S value for this equilibrium is expected to be 
close to zero, the ∆G value of 0.78 kcal/mol can be used to estimate Keq at higher 
temperatures.  
Scheme 2.2. Determination of Keq  
(StePHOX)Pd
CH3
NCArF
[SbF6]
2b
+
Keq = 0.13
(StePHOX)Pd
CH3 [SbF6]
+ NCArF
2c
 
 The rate of exchange of bound nitrile with free nitrile was determined using line 
broadening analysis of 1H NMR spectra taken at low temperature (Scheme 2.3).  The 
linewidth at half-height for the bound nitrile in 2b in the absence of free nitrile was measured 
in CD2Cl2 at -70oC.  Linewidths at half-height (ω) were measured (in Hz) in the presence of 
added nitrile at -70°C.  The change in linewidth, ∆ω, was found to be proportional to the 
concentration of added nitrile consistent with associative exchange.  The second-order rate 
constants for exchange were determined using the equation for the slow exchange 
approximation, k = pi(∆ω)/[NCArF], where [NCArF] is the concentration of free nitrile in 
solution (Table 2.3).  The rate data and the free energy of activation for this process are 
summarized in Table 2.3.  
Scheme 2.3. Associative exchange of 2b with free NCArF 
(StePHOX)Pd
CH3
NCArF
[SbF6]
2b
+
kex
(StePHOX)Pd
CH3
*NCArF
[SbF6]
+ NCArF
2b*
*NCArF
-70°C
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Table 2.3. Second-order rate constants for nitrile exchange at -70°C 
[2b] (M) [NCArF] (M) rate const. (M-1 s-1) ∆G‡ (kcal/mol) 
8.09 x 10-3 8 x 10-3 9 x 102 9.3 
8.09 x 10-3 3.3 x 10-2 12 x 102 9.3 
 
 Synthesis and Migratory Insertion Reaction of 
[(StePHOX)Pd(CH3)(C2H4)][B(ArF)4] (ArF = 3,5-(CF3)2C6H3), 2c. The precursor to 
complex 2c, the palladium(II) dimethyl complex 5, was prepared by addition of ligand 2 to a 
diethyl ether solution of (TMEDA)Pd(CH3)2 at -30°C followed by warming to 25°C 
overnight (TMEDA = N, N, N’, N’-tetramethylethylenediamine, Scheme 2.4).  After workup, 
5 was isolated as a light yellow solid and was characterized by 1H, 13C and 31P{1H} NMR 
spectroscopy.  The 1H NMR spectrum of 5 shows the benzylic proton shifted downfield 
relative to the free ligand at 9.65 ppm (∆δ = 3.50 ppm) and coupled to phosphorus (2JHP = 6 
Hz) as in complexes 1, 2a and 2b.  The two CH3 signals appear as two doublets at 0.95 ppm 
(3JHP = 7 Hz) and 0.88 (3JHP = 9 Hz) ppm, respectively. 
Scheme 2.4. Synthesis of the cationic Pd(II) methyl ethylene complex 
(TMEDA)Pd (StePHOX)Pd (StePHOX)Pd
Et2O
-30°C to RT
CD2Cl2, -78°C
5 2c
StePHOX
1. [H(OEt2)2][B(ArF)4]
2. C2H4CH3
CH3
CH3
CH3
CH3
[B(ArF)4]
 Protonation of a CD2Cl2 solution of 5 with [H(OEt2)2][B(ArF)4] at -78°C followed by 
addition of 20 equivalents of ethylene generated the palladium(II) methyl ethylene complex 
2c (Scheme 2.4).  The rate of the migratory insertion reaction of 2c was monitored by 
measuring the disappearance of the palladium methyl resonance in the 1H NMR spectrum at  
-21, -15 and -10 °C.  Data are summarized in Table 2.4.  First-order kinetics is observed with 
an average free energy of activation, ∆G‡, of 19.8 kcal/mol.  The subsequent rates of 
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migratory insertions of higher homologues, (L^L)Pd((CH2)nCH3)(C2H4)+, must be 
considerably faster since ethylene is consumed at a much faster rate than the decrease of the 
methyl signal of 2c.  This considerable difference in rate precluded a quantitative 
measurement of the rate of subsequent insertion(s) by NMR spectroscopy. 
Scheme 2.5. Kinetics of migratory insertion in 2c 
(StePHOX)Pd
CH3
[B(ArF)4] 20 equiv.
-21°C
(StePHOX)Pd
2cMe
[B(ArF)4]
kins
further
insertions
(StePHOX)Pd
2c'
[B(ArF)4]R
2c
 
Table 2.4. First-order rate constants for ethylene insertion in 2c 
T (°C) kins (x 105 s-1) ∆G‡ (kcal/mol) 
-10 16.3 19.9 
-15 10.0 19.8 
-21 5.3 19.6 
 
Discussion 
 The ethylene oligomerization results presented in Table 2.1 illustrate the effect of the 
axial Csp3-H…Pd interaction on the reactivity of palladium(II) complex 2b.  Complexes 3b 
and 4b, both of which lack any axial bulk, produce butenes while complex 2b produces 
linear α-olefins up to C24.  The proposed oligomerization mechanism for this reaction is 
similar to that of related late metal systems43, 44 and can be broken up into three parts: 
initiation, propagation and chain transfer.  The first insertion constitutes the “initiation” step 
and must involve migratory insertion of the methyl ethylene complex 2c.  Given the relative 
binding affinities of ethylene and 3,5-bis(trifluoromethyl)benzonitrile, Keq ca. 0.27 
(extrapolated from -80oC), at 25oC,  200 psi ethylene, the methyl ethylene complex 2c must 
be the major species in solution (2c/2b ~ 6800).45  Migratory insertion generates a propyl 
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complex which can undergo chain transfer to yield propylene or further insertions and chain 
transfer to yield odd carbon number oligomers.  Once an odd oligomer is produced, the 
catalyst enters the primary propagation cycle which is described in Scheme 2.6.  Since 
hundreds of turnovers are achieved prior to analysis of products, the small fraction of odd 
oligomers are not a significant fraction of the product and are not detected. 
 Scheme 2.6 is consistent with the dependence of the TOF on ethylene pressure and 
the approach to saturation as established by the Lineweaver-Burk plot.  The ratio of the 
maximum TOF (ca. 3600 s-1) to the observed TOF at 200 psi ethylene (ca. 1500 s-1) suggests 
that ca. 40% of the palladium complex under these conditions is present as an alkyl ethylene 
complex 2c'.  The remainder of the palladium complexes must be an equilibrium mixture of 
the nitrile complexes 2b' and the agostic alkyl complexes 2d.  It is possible that the agostic 
alkyl complexes are in equilibrium with olefin hydride complexes 2e', but experimental12, 13, 
46
 and theoretical14, 15, 47, 48 studies on related complexes suggest the more stable form is the 
β-agostic species.  The addition of free nitrile retards the rate as the equilibrium shifts from 
the ethylene complex to the nitrile complex.  The fact that a large excess of nitrile is 
necessary to significantly reduce the TOF (see Table 2.2) implies that under conditions where 
only one equivalent is present (Table 2.1) the nitrile complex is present in very low 
concentrations relative to the ethylene complex 2c' and thus the primary species present in 
addition to 2c' is the agostic species 2d. 
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Scheme 2.6.  Proposed mechanism of ethylene oligomerization: propagation 
[Pd]
R
rapid [Pd]
R
H
2d = Resting state @
low [C2H4], [NCArF]
NCArF
[Pd]
R
NCArF
kprop
(insertion)
2c'
[Pd]
R
[Pd]
R
H
2d'
[Pd]
H
R
2e'
2b'
 
 The TOFMAX, 1.0 s-1, is the rate constant of migratory insertion of 2c' at 25°C and 
corresponds to a ∆G‡ = 17.5 kcal/mol.  The ∆G‡ for migratory insertion of the methyl 
ethylene complex 2c is ca. 19.8 kcal/mol in the temperature range -10 to -21°C.  This 
difference is consistent with the observation (see above) that subsequent insertions occur at 
faster rates than the insertion of the methyl complex and with previous observations of 
methyl vs. ethyl migratory insertion rates.13, 46 
 Insight into the chain transfer mechanism can be gleaned from the data in Tables 2.1 
and 2.2.  Data in Table 2.1 indicates there is no dependence of the Schulz-Flory α value on 
ethylene concentration.  This is consistent with a chain transfer mechanism involving either 
associative displacement of an olefin from an olefin hydride (equation 2.4) or chain transfer 
to monomer in which olefin displacement occurs following intramolecular hydrogen transfer 
in the alkyl ethylene complex, (equation 2.5).  Clearly in the chain transfer to monomer 
mechanism there will be no dependence of α on ethylene concentration.  The ratio of transfer 
to propagation rates is simply the ratio of the two first-order rate constants shown in equation 
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2.5.  Concerning the associative displacement mechanism, the ratio of the rates of chain 
transfer to propagation is given by equation 2.6.  Since the ethylene complex 2c' is in 
equilibrium with the olefin hydride complex 2e' (equation 2.4, [2e'] = Keq[2c']/[C2H4] ), 
equation 2.6 reduces to equation 2.7, and there is no dependence of α on ethylene 
concentration.  Thus, in the absence of added nitrile, the data do not distinguish between the 
two chain transfer mechanisms.  
 The fact that the Schulz-Flory α value is unaffected by even extremely high 
concentrations of nitrile (500 equivalents, Table 2.2) eliminates the associative displacement 
mechanism.  Since the nitrile has an order of magnitude stronger binding affinity than 
ethylene and since we have established that associative self-exchange in the nitrile complex 
2b is extremely facile, olefin hydride complexes 2e' should react rapidly with the nitrile to 
produce the nitrile hydride complex 2f (equation 2.4).  This provides another competitive 
“associative displacement” pathway for chain transfer (the nitrile hydride would reenter the 
catalytic cycle) and the α value would decrease rapidly with an increase in nitrile 
concentration which is inconsistent with data in Table 2.2.  Increase in nitrile concentration 
as noted above will decrease the concentration of ethylene complexes 2c' but will not effect 
the ratio of kpropagation/ktransfer in equation 2.5 and thus will not impact α in the chain transfer to 
monomer mechanism consistent with our observations.  
(2.6)
νtransf er
νpropagation
ktransf er[2e'][C2H4]
kinsertion[2c']=
α
=
 
(2.7)ktransferKeq[2c'][C2H4]
kinsertion[2c'][C2H4]
ktransferKeq
kinsertion
=
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Scheme 2.7.  Proposed mechanism of ethylene oligomerization: chain transfer 
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Conclusions 
 A new phosphine-oxazoline palladium(II) catalyst bearing an axial Pd…H interaction 
has been developed for ethylene oligomerization.  The oligomers produced are linear olefins 
of which the majority (>75%) are α-olefins with a Schulz-Flory α value of ~0.5 at 25oC.  The 
proposed mechanism of oligomerization beginning with methyl nitrile complex 2b, 
[(P^N)Pd(CH3)(NCArF)][SbF6]  (P^N = phosphine-oxazoline, ArF = 3,5-(CF3)2C6H3), 
involves insertion of ethylene into a Pd-CH3+ bond to generate a propyl complex (initiation), 
which can undergo chain transfer to yield propylene or further insertions and chain transfer to 
yield odd carbon number oligomers.   
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 Following the first chain transfer event, the catalyst enters the primary propagation 
cycle.  The major palladium complexes present under oligomerization conditions are the 
alkyl agostic species, 2d, and the alkyl ethylene species, 2c', and their ratios depend on 
ethylene pressure.  The turnover frequency varies with ethylene pressure and follows 
Michaelis-Menton kinetics.  Analysis of this data using a Lineweaver-Burk plot provides a 
maximum TOF of 3600 h-1 at ethylene saturation which corresponds to the rate of migratory 
insertion of the intermediate palladium alkyl ethylene complex(es) 2c’ (kobs = 1.0 s-1, ∆G‡ = 
17.5 kcal/mol at 25°C).  This barrier is consistent with the insertion barrier of ∆G‡ = 19.8 
kcal/mol. 
 The insensitivity of the Schulz-Flory α value to variations in ethylene pressure and 
nitrile concentration together with the similar binding affinities of nitrile and ethylene and 
rapid associative nitrile exchange strongly suggest that chain transfer occurs via a “chain 
transfer to monomer” mechanism rather than by associative displacement of olefin from an 
olefin hydride complex.  
 Ethylene oligomerization performed with complex 3b which has similar electronic 
properties to 2b but lacks the axial C-H…Pd interaction yields strictly butenes. Other related 
Pd complexes lacking substituents which shield the axial site also show only dimerization 
activity. These observations highlight the significance of the axial bulk provided by the 
ligand Csp3-H bond in 2b.  
Experimental 
 General Methods: All manipulations of air and/or moisture sensitive compounds 
were conducted using standard Schlenk techniques.  Argon was purified by passage through 
columns of BASF R3-11 catalyst (Chemalog) and 4 Å molecular sieves.  Toluene, pentane, 
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hexane, methylene chloride and diethyl ether were deoxygenated and dried over a column of 
activated alumina. 
 Materials: 1,5-cyclooctadiene, 3,5-bis(trifluoromethyl)benzonitrile, 1,10-
phenanthroline and AgSbF6 were used as received from Aldrich.  Na[B(ArF)4] was purchased 
from Boulder Scientific and purified according to reported procedures.49  (COD)PdMeCl,50 
(TMEDA)Pd(CH3)2,51 H(OEt2)2B(ArF)452 (ArF = 3,5-(CF3)2C6H3), 234 and 353-55 were 
prepared according to literature procedures.  Polymer grade ethylene (99.9%) was purchased 
from Matheson and used as received.  Methylene chloride-d2, toluene-d8 and chloroform-d 
were purchased from Cambridge Isotope Laboratories, degassed using freeze-pump-thaw 
techniques and stored over 4 Å molecular sieves.  GC analysis was performed on an Agilent 
6850 Series GC System using a J. & W. Scientific HP-1 column (100% 
dimethylpolysiloxane, 30 m x 0.32 mm i.d., 0.25 µm film thickness; temperature 
progression: 3 min. isothermal at 50°C, 10°C/min. heat up, 3 min. isothermal at 250°C).  All 
1H, 13C, 19F and 31P NMR spectra were recorded on Bruker Avance 300, 400 or 500 MHz 
spectrometers.  Chemical shifts are reported relative to residual CHCl3 (δ 7.27 for 1H), 
CHDCl2 (δ 5.32 for 1H), C6D5CHD2 (quintet centered at δ 2.09, J = 2.3 Hz for 1H), CD2Cl2 
(δ 54.00 for 13C), C6D5CD3 (δ 20.4 for 13C), CFCl3 (δ 0.00 19F). 
 (StePHOX)Pd(CH3)Cl, 2a.  A flame dried Schlenk flask was charged with 
(COD)PdMeCl (0.100 g, 0.377 mmol) and methylene chloride (4 mL).  A solution of ligand 
2 (0.173 g, 0.399 mmol) in methylene chloride (6 mL) was added by cannula.  The clear 
solution was stirred at room temperature for approximately one hour.  The yellow solution 
was then concentrated in vacuo to ~1-2 mL and hexane (20 mL) was added to precipitate 2a 
as a light yellow solid.  The solid was washed with hexane (2 x 5 mL) and dried in vacuo at 
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room temperature for 2 hours (0.194 g, 87%).  X-ray quality crystals were grown via slow 
evaporation of methylene chloride-d2 from a concentrated solution of 2a. 1H NMR (CD2Cl2, 
400 MHz) δ 8.83 (1H, dd, 3JHH = 8 Hz, 2JHP = 4 Hz), 7.97 (1H, dd), 7.63 (1H, t), 7.60 to 7.20 
(11H, m), 7.10 (1H, t), 4.23 (2H, overlapping m), 3.98 (1H, dd), 3.74 (1H, m), 2.79 (1H, m), 
1.68 (3H, s), 1.67 (3H, s), 0.620 (3H, d, 3JHP = 4 Hz).  13C NMR (CD2Cl2, 100.6 MHz) δ 
165.3, 143.2, 136.9, 133.9, 133.8, 133.2, 132.6, 131.6, 131.4, 131.1, 130.9, 130.3, 129.2, 
129.0, 128.7, 128.6, 128.5, 128.3, 127.8, 127.6, 112.1, 77.2, 75.7, 68.9, 26.7, 26.3, 3,68.  
31P{1H} NMR (CD2Cl2, 161.9 MHz) δ 23.12 (s).  Anal. Calcd for C27H29PNO3ClPd: C, 
55.12; H, 4.97; N, 2.38; Found: C, 55.47; H, 4.94; N, 2.33.   
 (PHOX)PdMeCl, 3a.  A flame dried Schlenk flask was charged with (COD)PdMeCl 
(0.076 g, 0.285 mmol) and methylene chloride (4 mL).  A solution of ligand 3 (0.100 g, 
0.302 mmol) in methylene chloride (6 mL) was added by cannula.  The clear solution was 
stirred at room temperature for approximately one hour.  The yellow solution was then 
concentrated in vacuo to ~1-2 mL and hexane (20 mL) was added to precipitate 3a as a light 
yellow solid.  The solid was washed with hexane (2 x 5 mL) and dried in vacuo at room 
temperature for 2 hours (0.129 g, 93%).  X-ray quality crystals were obtained via slow 
evaporation of methylene chloride from a concentrated solution of 3a. 1H NMR (CD2Cl2, 
300.13 MHz) δ 8.11 (1H, ddd), 7.61 (1H, tt), 7.56 to 7.41 (11H, m), 7.15 (1H, ddd), 4.45 
(4H, t), 0.406 (3H, d, 3JHP = 3.3 Hz).  31P{1H} NMR (CD2Cl2, 121.49 MHz) δ 34.7 (s).  Anal. 
Calcd. for C22H21NOPClPd · CH2Cl2 · 0.25 C5H12 · 0.4 H2O: C, 48.85; H, 4.34; N, 2.35; 
Found: C,49.37; H, 4.02; N,2.55. 
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Table 2.5. Crystallographic data for 2a and 3a 
 2a 3a·CH2Cl2 
formula C27H29ClNO3PPd C23H23Cl3NOPPd 
formula wt. 588.33 573.14 
cryst syst orthorhombic monoclinic 
space group P212121 P21/c 
a (Å) 9.6232(4) 13.245(18) 
b (Å) 11.1381(5) 10.760(11) 
c (Å) 24.2794(10) 17.492(12) 
α (deg) 90 90 
β (deg) 90 102.08(8) 
γ (deg) 90 90 
V (Å3) 2602.37(19) 2438(4) 
Z 4 4 
Dcalcd (Mg/m3) 1.502 1.562 
λ (Å) 0.71073 0.71073 
µ  (mm-1) 0.906 1.171 
cryst dimens (mm3) 0.20 x 0.20 x 0.10 0.30 x 0.25 x 0.10 
T (K) 100(1) 298(2) 
2θ range (deg) 1.68 – 26.00 1.57 – 28.15 
no. of rflns 26615 47387 
no. of indep rflns 5111 5921 
R1 0.0378 0.0347 
wR2 0.0867 0.0821 
Rall 0.0438 0.0399 
GOF 1.063 1.139 
 
 (phen)PdMeCl, 4a.  This complex was prepared according to previously reported 
procedures.56, 57 1H NMR (CDCl3, 400.13 MHz) δ 9.46 (1H, bs), 8.98 (1H, bs), 8.50 (1H, d, 
3JHH = 5 Hz), 8.43 (1H, d, 3JHH = 5 Hz), 7.94 (2H, bs), 7.84 (2H, bs), 1.19 (3H, s). 
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 [(StePHOX)PdMe(3,5-NCC6H3(CF3)2)][SbF6], 2b.  A flame dried Schlenk flask 
was charged with 2a (0.150 g, 0.255 mmol) and 3,5-NCC6H3(CF3)2 (0.047 mL, 0.280 mmol) 
in methylene chloride (2 mL).  A solution of AgSbF6 (0.092 g, 0.268 mmol) in methylene 
chloride (3 mL) was added via cannula.  The solution was diluted with methylene chloride (5 
mL) and stirred at room temperature.  After ~30 minutes, the light brown precipitate (AgCl) 
was removed by cannula filtration and washed with methylene chloride (2 x 5 mL).  The 
washings were combined with the light yellow filtrate and concentrated in vacuo to ~1-2 mL 
and pentane (20 mL) was added to precipitate 2b as an off white solid.  The solid was 
washed with pentane (2 x 5 mL) and dried in vacuo at room temperature for 2 hours (0.222g, 
85%). 1H NMR (CD2Cl2, 300.13 MHz) δ 8.48 (1H, dd, 3JHH = 8 Hz, 2JHP = 4 Hz), 8.31 (2H, 
s, NCArF o-H), 8.28 (1H, s, NCArF p-H), 8.01 (1H, dd, JHH = 4.8 Hz and 7.5 Hz), 7.72 (1H, 
broad t, JHH = 7.5 Hz), 7.67 to 7.25 (10H, m), 7.15 (2H, overlapping dd’s, J = 1.0 Hz, 1.5 Hz, 
8.1 Hz and 8.1 Hz, ), 4.35 (1H, m), 4.11 (1H, d, 3JHH = 8.1 Hz), 3.83 (2H, overlapping m’s), 
2.79 (1H, m), 1.73 (3H, s), 1.68 (3H, s), 0.75 (3H, d, 3JHP = 2.4 Hz).  13C NMR (CD2Cl2, 75.5 
MHz) δ 167.9, 141.5, 141.3, 136.9, 133.8, 133.7, 133.3, 133.2, 133.0, 132.0, 131.2, 129.7, 
129.6, 129.3, 129.1, 129.0, 128.9, 128.6, 128.5, 127.9, 127.7, 126.3, 125.6, 122.2 (q, 2 CF3, 
1JCF = 273.4 Hz), 118.0, 112.3, 111.9, 76.8, 69.4, 26.5, 26.4, 5.8.  31P{1H} NMR (CD2Cl2, 
161.9 MHz) δ 23.03 (s).  19F NMR (CD2Cl2, 376.5 MHz) δ -64.1 (s, NCArF), -120 to -140 
(broad m, SbF6).  Anal. Calcd. for C36H33F12O3N2PSbPd: C, 42.03; H, 3.23; N, 2.72; Found: 
C, 41.82; H, 3.03; N, 2.46. 
 [(PHOX)PdMe(3,5-NCC6H3(CF3)2)][SbF6], 3b A flame dried Schlenk flask was 
charged with 3a (0.100 g, 0.205 mmol) and 3,5-NCC6H3(CF3)2 (0.038 mL, 0.225 mmol) in 
methylene chloride (2 mL).  A solution of AgSbF6 (0.074 g, 0.215 mmol) in methylene 
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chloride (3 mL) was added via cannula.  The solution was diluted with methylene chloride (5 
mL) and stirred at room temperature.  After ~30 minutes, the light brown precipitate (AgCl) 
was removed by cannula filtration and washed with methylene chloride (2 x 5 mL).  The 
washings were combined with the light yellow filtrate and concentrated in vacuo to ~1-2 mL 
and pentane (20 mL) was added to precipitate 3b as an off white solid.  The solid was 
washed with pentane (2 x 5 mL) and dried in vacuo at room temperature for 2 hours (0.153g, 
81%). 1H NMR (CD2Cl2, 300.13 MHz) δ 8.38 (2H, s, NCArF o-H), 8.29 (1H, s, NCArF p-H), 
8.22 (1H, ddd, J = 1.5 Hz, 4.2 Hz, 8.1 Hz), 7.72 (1H, tt, J = 1.5 Hz, 7.8 Hz), 7.65 to 7.39 
(11H, m), 7.19 (1H, ddd, J = 1.5 Hz, 7.8 Hz, 11.1 Hz), 4.62 (2H, t, 3JHH = 9.7 Hz), 4.30 (2H, 
t, 3JHH = 9.7 Hz), 0.49 (3H, d, 3JHP = 2.1 Hz).  13C{1H} NMR (CD2Cl2, 125.76 MHz) δ 164.8 
(1C, d, JCP = 5.2 Hz), 135.3 (1C, d, JCP = 2.5 Hz), 134.4 (4C, d, JCP = 12.3 Hz), 133.9 (2C, 
broad m), 133.7 (2C, q, 2JCF = 35.2 Hz), 133.4 (1C, d, JCP = 7.5 Hz), 132.7 (1C, d, JCP = 5.7 
Hz), 132.6 (1C, d, JCP = 21 Hz), 129.7 (6C, d, JCP = 11.8 Hz), 129.2 (1C, d, JCP = 11.8 Hz), 
129.0 (1C, broad m), 128.0 (1C, d, JCP = 47.6 Hz), 127.5 (1C, d, JCP = 58.5 Hz), 122.4 (2C, 
q, 1JCF = 273.4 Hz), 118.0 (1C, s), 112.3 (1C, s), 69.23 (1C, s), 56.7 (1C, s), 2.29 (1C, s).  
31P{1H} NMR (CD2Cl2, 121.49 MHz) δ 36.69 (s).  19F NMR (CD2Cl2, 376.5 MHz) δ -64.2 
(s, NCArF), -120 to -140 (broad m, SbF6).  Anal. Calcd. For C31H24F12N2OPSbPd: C, 40.14; 
H, 2.61; N, 3.02; Found: C, 38.83; H, 2.43; N, 2.85. 
 [(phen)PdMe(3,5-NCC6H3(CF3)2)][B(ArF)4], 4b.  A flame dried Schlenk flask was 
charged with 4a (0.500 g, 1.48 mmol) and 3,5-NCC6H3(CF3)2 (0.300 mL, 1.78 mmol) in 
diethyl ether (20 mL).  A solution of Na[B(ArF)4] (1.45 g, 1.63 mmol) in diethyl ether (20 
mL) was added via cannula and stirred at room temperature.  After ~30 minutes, the volatiles 
were removed in vacuo and the remaining residue was taken up in methylene chloride (10 
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mL) resulting in a light yellow solution and a light brown precipitate (NaCl).  The product 
was isolated via cannula filtration and the precipitate was washed with methylene chloride (2 
x 5 mL).  The washings were combined with the light yellow filtrate and concentrated in 
vacuo to ~4-5 mL and pentane (50 mL) was added to precipitate 4b as a light yellow oil.  The 
mixture was stirred overnight resulting in formation of a light yellow precipitate which was 
isolated by cannula filtration, washed with pentane (2 x 5 mL) and dried in vacuo at room 
temperature for 2 hours (2.02 g, 97%). 1H NMR (CD2Cl2, 400.13 MHz) δ 8.94 (1H, dd, 3JHH 
= 5 Hz, 4JHH = 1 Hz), 8.87 (1H, dd, 3JHH = 5 Hz, 4JHH = 1 Hz), 8.67 (1H, dd, 3JHH = 8 Hz, 4JHH 
= 1 Hz), 8.62 (1H, dd, 3JHH = 8 Hz, 4JHH = 1 Hz), 8.44 (2H, bs), 8.39 (1H, bs), 8.08 (1H, d, 8 
Hz), 8.05 (1H, d, 8 Hz), 7.96 (1H, dd, 3JHH = 8 Hz, 3JHH = 5 Hz), 7.93 (1H, dd, 3JHH = 8 Hz, 
3JHH = 5 Hz), 7.72 (8H, s), 7.53 (4H, s), 1.43 (3H, s). Anal. Calcd. for C54H26F30N3BPd: C, 
46.19; H, 1.87; N, 2.99; Found: C, 46.08; H, 1.92; N, 2.73. 
 (StePHOX)PdMe2, 5.  A flame dried Schlenk flask was charged with 
(TMEDA)PdMe2 (0.075g, 0.297 mmol) and diethyl ether (2 mL) and cooled to -30°C.  A 
solution of ligand 2 (0.128g, 0.297 mmol) in diethyl ether (3 mL) was added via cannula.  
The solution was diluted with diethyl ether (10 mL) and stirred at -30°C for 3 hours and 
allowed to warm to room temperature overnight while stirring.  Volatiles were removed in 
vacuo to give the product 5 as a yellow solid.  The solid was washed with pentane (6 x 10 
mL) to remove remaining starting material and dried in vacuo for 3 hours (0.074g, 44%).  1H 
NMR (C7D8, 500.13 MHz) δ 9.65 (1H, dd, 3JHH = 7.0 Hz, 2JHP = 6 Hz), 8.02 (1H, dd), 7.35 to 
6.75 (17H, m), 4.12 (1H, d), 3.46, (1H, q), 3.21 (1H, q), 2.87 (1H, q), 2.39 (1H, q), 1.90 (3H, 
s), 1.62 (3H, s), 0.95 (3H, d, 3JHP = 6.8 Hz), 0.88 (3H, d, 3JHP = 8.6 Hz).  13C NMR (C7D8, 
125.7 MHz) δ 164.4, 143.9, 137.6, 137.5, 137.2, 135.2, 135.0, 133.5, 133.4, 133.2, 132.8, 
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131.6, 131.2, 111.4, 77.3, 76.2, 67.3, 58.3, 54.7, 46.0, 34.5, 26.8, 26.1, 22.9, 14.4, 3.7, 2.9, -
3.4.  31P{1H} NMR (C7D8, 202.45 MHz) δ 11.78 (s).  Anal. Calcd. for C28H33O3NPPd: C, 
59.11; H, 5.85; N, 2.46; Found: C, 58.94; H, 5.61; N, 2.50. 
 General Procedure for Ethylene Oligomerizations:  A 300 mL Parr autoclave was 
heated under vacuum up to 120°C and then was cooled to the desired reaction temperature 
and backfilled with argon.  In the glove box, a flame dried Schlenk flask was charged with 
the catalyst, 2b (0.010g, 0.0097 mmol).  The catalyst was dissolved in methylene chloride 
(15 mL) and undecane was added as an internal standard (0.011 mL, 0.050 mmol) and the 
mixture was cannula transferred into the argon pressurized autoclave.  Fresh methylene 
chloride (15 mL) was added to the flask and cannula transferred into the autoclave.  The 
reaction mixture was diluted with additional methylene chloride (70 mL) and the autoclave 
was sealed and pressurized with ethylene to the desired level and the stirring motor was 
engaged.  After the predetermined reaction time, the stirring motor was stopped and the 
reactor was cooled to 0°C to retain as much of the low molecular weight oligomers as 
possible and then vented.  An aliquot was removed for GC analysis and the reaction mixture 
was quenched by pouring into 200 mL of stirring methanol.  Volatiles were removed on the 
rotovap and the remaining residue was analyzed by 1H NMR.  This procedure was used for 
variations in temperature, ethylene pressure and time.  For the reactions with excess 3,5-
bis(trifluoromethyl)benzonitrile, the desired amount of nitrile was added to the flask prior to 
cannula transfer into the autoclave.   
 General Procedure for Nitrile Self-Exchange:  An NMR tube was charged with 
complex 2b (5 mg, 0.0049 mmol) and CD2Cl2 (600 µL) under argon and sealed with a 
septum.  An 1H NMR spectrum was recorded at RT.  The tube was cooled to -80°C and the 
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desired amount of 3,5-bis(trifluoromethyl)benzonitrile was added via syringe.  The reaction 
was followed by VT-NMR over a range of 190 K – 238 K.  The linewidth at half-height of 
the signal assigned to the ortho-H of bound nitrile in 2b (δ 8.280) was monitored as a 
function of temperature and the rate of nitrile exchange was determined using the slow 
exchange approximation. 
 General Procedure for Ethylene Insertion Reactions: A screw cap NMR tube was 
charged with 5 (5 mg, 0.0088 mmol) and cooled to -78°C.  A solution of [H(OEt2)2][B(ArF)4] 
(8.9 mg, 0.0088mmol) in CD2Cl2 (512 µL) was cannula transferred to the NMR tube.  1,3,5-
trimethoxybenzene (88 µL, 0.1 M in CD2Cl2) was added to the NMR tube via syringe as an 
internal standard.  The tube was warmed briefly to obtain a homogeneous solution and was 
then placed back into the -78°C bath.  The tube was placed in the NMR probe at -80°C and 
an 1H NMR spectrum was recorded of the [(StePHOX)PdMe(OEt2)][B(ArF)4] complex.  The 
tube was then removed from the probe and placed back into the -78°C bath and ethylene was 
added via syringe (4.26 mL, 0.176 mmol (20 eq)).  The sample was then warmed to the 
desired temperature inside the NMR probe and insertion was monitored by 1H NMR.  
Disappearance of the [(StePHOX)PdMe(C2H4)][B(ArF)4] complex was monitored by 
integration of the signal corresponding to the Pd-CH3 (δ 0.481) versus the integration of 
1,3,5-trimethoxybenzene as an internal standard.  A rate of insertion was calculated by 
plotting the natural log of the concentration of starting material versus time. 
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CHAPTER THREE 
Reactions of H2 and R3SiH with Electrophilic Cobalt(III) Alkyl Complexes: 
Investigation of Possible Olefin Hydrogenation and Hydrosilation 
Intermediates 
 
Introduction 
 Interest in the structure and chemistry of highly electrophilic late transition metal 
complexes has escalated over the past two decades due to their increasing application in 
catalytic transformations as well as the ability to stabilize and characterize highly reactive 
unsaturated cationic complexes through the use of inert, weakly coordinating counteranions, 
particularly fluorinated aryl borate anions.  Notable examples include Ir(III) complexes of the 
type Cp*Ir(PMe3)R
+ which are active for sp3-C-H bond activations1, 2 and Ni(II) and Pd(II) 
complexes of general structure (L-L)MR+ many of which are active catalysts for olefin 
dimerizations,3-5 oligomerizations6, 7 and polymerizations,8, 9 olefin/CO copolymerizations,10-
13 and hydrosilation14 reactions.  
 We have had an on-going interest in the chemistry of electrophilic complexes of the 
general structure (C5R5)(L)MR
+.  These formally sixteen-electron alkyl complexes, 1, exhibit 
β-agostic interactions (R = ethyl or greater) and are highly dynamic.  Rotation around the Cα-
Cβ bond is rapid (∆G‡ = 11 - 12 kcal/mol) and the metal can migrate along the carbon chain 
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through a series of β-H elimination/olefin rotation/reinsertion reactions, now commonly 
termed chain-walking processes.15 
Co
L
R5
Ha
+
H4
H3
H1
H2
Co
L
R5
CH3
+
H1
H2
∆G‡ = 11 - 12 kcal/mol
 
 These species serve as living ethylene polymerization catalysts, α-olefin 
oligomerization catalysts and olefin hydrogenation and hydrosilation catalysts.  Chain 
transfer in the ethylene polymerization reaction can be achieved by cleavage of the cobalt 
alkyl bond with H2 or triethyl silane (Eq. 1).
16  This cleavage reaction employing H2 is also a 
key step in the hydrogenation of olefins. 
Co
L
Me5
H
+
PE
H2 or HSiEt3
Co
L
Me5
R
+
+ PE-H
R = H, SiEt3
(1)
 
 The catalytic cycle for the hydrosilation reaction is shown in Scheme 3.1.  An unusual 
feature of this mechanism is that the migration of cobalt to the terminal carbon is rate-
determining.  Again, cleavage of the cobalt-alkyl bond provides the key step in catalyst 
turnover. 
Scheme 3.1. Co(III) catalyzed olefin hydrosilation 
[Co]
H
Et3SiH C2H6
[Co] SiEt3
C4H9
[Co]
SiEt3
C4H9
[Co]
SiEt3
C4H9H
[Co]
H
(CH2)4SiEt3
Et3SiH
Et3Si(CH2)5CH3
turnover limiting
[Co]+ = Cp*Co(P(OMe)3)+
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 This chapter reports studies aimed at elucidating the details of the cleavage of the 
cobalt-alkyl bond with hydrogen and silanes and identifying the intermediates which result 
from these cleavage reactions.  NMR evidence suggests that cleavage of the cobalt alkyl 
complexes with H2 results in the formation of trihydride complexes which are best described 
as η2-H2/H complexes (Cp*(L)Co(H2)H+), while the corresponding silane complexes exist as 
η2-silane hydrides (Cp*(L)Co(HSiR3)H+).  These species are highly dynamic and exhibit 
very low barriers for exchange of the terminal hydrides with hydrides involved in η2 
bonding.  Use of a chiral silane reveals a second dynamic process (∆G‡ < 9.8 kcal/mol at -
67°C) which involves formation of an η2-H2 complex as an intermediate.  Implication of 
these results with respect to the cobalt-alkyl cleavage reactions will be discussed.  The η2-H2 
ligand in the trihydride complexes are readily displaced and thus provide convenient 
precursors to Cp*(L)Co(H)(L’)+ complexes. 
Results 
 Synthesis and Characterization of [Cp*Co(L)(CH2CH2-µ-H)][B(ArF)4] (Cp* = 
C5(CH3)5; L = P(OMe)3, 1a; L = PMe3, 1b).  As previously reported,
15,17 low temperature 
protonation of the Cp*Co(L)(η2-ethylene) (L = P(OMe)3, PMe3) complexes with 
[H(OEt2)2][B(ArF)4] followed by precipitation with hexane results in the isolation of the 
cationic ethyl complexes 1a and 1b, respectively.  These complexes have been characterized 
by low temperature 1H and 13C NMR spectroscopy and were shown to possess β-agostic C-H 
bonds exhibiting C-H coupling constants of 61 Hz for 1a and 63 Hz for 1b.  X-ray structural 
analysis of complexes 1a and 1b (see Figure 3.1 below and Table 3.4 in the experimental 
section) also support the assignment as β-agostic structures as indicated by the small Co-Cα-
Cβ angles (74.4(5)° for 1a and 75.16(19)° for 1b) and short Cα-Cβ bond lengths (1.477(13)Å 
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for 1a and 1.462(5)Å for 1b).  These angles and bond lengths are consistent with solid state 
structures of related β-agostic complexes reported by Spencer18-21 and Tanner (R = C4H9, 
1c)22 and with calculated structures of  CpM(PH3)(CH2CH2)R
+ complexes.23   
    
  1a  1b 
Figure 3.1. ORTEP representations of [Cp*Co(P(OMe)3)(CH2CH2-µ-H)][B(ArF)4], 1a and 
[Cp*Co(PMe3)(CH2CH2-µ-H)][B(ArF)4], 1b.  The [B(ArF)4] anions have been omitted for 
clarity.  Selected bond lengths (Å) and angles (deg) for 1a: Co(1)-C(8) 1.969(7), Co(1)-P(1) 
2.1637(18), C(8)-C(7) 1.477(13); Co(1)-C(8)-C(7) 74.4(5), Co(1)-P(1)-O(1) 118.2(2), Co(1)-
P(1)-O(3) 109.84(19), Co(1)-P(1)-O(5) 123.6(2).  Selected bond lengths (Å) and angles (deg) 
for 1b: Co(1)-C(1) 1.961(3), Co(1)-P(1) 2.1976(9), C(1)-C(2) 1.462(5); Co(1)-C(1)-C(2) 
75.16(19), Co(1)-P(1)-C(3) 113.22(12), Co(1)-P(1)-C(4) 114.95(12), Co(1)-P(1)-C(5) 
120.24(12). 
 Hydrogenolysis of [Cp*Co(L)(CH2CH2-µ-H)][B(ArF)4] (Cp* = C5(CH3)5; L = 
P(OMe)3, 1a; L = PMe3, 1b).  Exposure of methylene chloride-d2 solutions of 1a to excess 
hydrogen at -30°C results in the liberation of an equivalent of ethane and the formation of 2a 
as the major product after several minutes.  The upfield portion of the 1H NMR spectrum of 
2a exhibits a broad doublet (δ -10.46, 2JHP = 29 Hz) integrating for three protons versus the 
corresponding P(OMe)3 and Cp* signals indicating an empirical formula of 
[Cp*Co(P(OMe)3)(H)3][B(ArF)4] for complex 2a (Scheme 3.2).  A minor additional upfield 
signal (δ -10.99, 2JHP = 113 Hz) integrating for one proton is accompanied by a 
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corresponding set of P(OMe)3 and Cp* signals and has been assigned to the coordinated 
water complex [Cp*Co(P(OMe)3)(H)(H2O)][B(ArF)4], 3a, resulting from coordination of 
trace amounts of water present in solution.  Similar results were observed upon exposure of 
complex 1b to hydrogen in methylene chloride-d2 at -30°C generating complex 2b, 
[Cp*Co(PMe3)(H)3][B(ArF)4] (δ -10.70, 2JHP = 27 Hz), as the major product and complex 3b, 
[Cp*Co(PMe3)(H)(H2O)][B(ArF)4] (δ -11.27, 2JHP = 97.5 Hz), as a minor species.24  All 
attempts to isolate 2a or 2b have led only to oils which readily decompose at room 
temperature. 
Scheme 3.2. In-situ generation of 2a/2b and 3a/3b. 
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 The minimum spin-lattice relaxation time, T1(min), of metal-bound hydrides has been 
used to differentiate between classical dihydride and non-classical η2-H2 structures in 
transition metal polyhydride complexes.25   Measurement of T1 at a variety of temperatures 
gives minimum values at -80°C of 22 ms for 2a and 52 ms for 2b suggesting that these 
complexes are likely to be η2-H2 complexes.26-28  Since quadrupolar contributions to 
relaxation rates can be expected for hydrides bound to cobalt (59Co I = 7/2, 100% natural 
abundance, γ = 6.3015 x 10-7 rad T-1 s-1),29 these T1(min) values are better viewed as lower 
limits of the relaxation rate due to dipole-dipole contributions and thus do not provide 
unambiguous proof of an η2-H2 structure.25   
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In order to better define the structural nature of these cobalt bound hydrides, the H-D 
coupling constants of partially deuterated samples of 2a and 2b were measured by 1H NMR 
spectroscopy.  Removal of the H2 atmosphere from a screw cap NMR tube containing a 
methylene chloride-d2 solution of 2a or 2b via two freeze-pump-thaw cycles and addition of 
an atmosphere of deuterium gas results in the formation of an isotopic mixture of hydrides 
(H3 (2a/b), H2D (2a/b-d1), HD2 (2a/b-d2), and D3 (2a/b-d3) isotopologues).  The signals for 
2a/b-d1 and 2a/b-d2 are partially obscured by the broad doublet corresponding to 2a/b 
(shown for 2a in Figure 3.2), however an H-D coupling constant of 9.5 Hz for 2a and 9.7 Hz 
for 2b could be measured.  Assuming a Co(H)(η2-H2) structure and accounting for statistical 
exchange of the deuterium into terminal (Co-H) and bridging (η2-H-H) positions, the 
calculated JHD coupling constants in the η2-HD ligands are 28.5 Hz for 2a and 29.1 Hz for 
2b.  These values are fully consistent with an η2-H2 structural assignment.30-34  (This 
calculation makes the assumption that H and D statistically distribute between bridging and 
terminal hydride positions and there is negligible coupling between the terminal hydride and 
the η2-H2 protons.)   
 
Figure 3.2. Upfield region of the 1H NMR spectrum of partially deuterated 2a. 
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 Having established the structure of 2a and 2b as η2-H2 complexes we turned to 
investigating the reactivity of the coordinated H2 ligand.  As shown in Scheme 3.3, 
complexes 2a and 2b can be considered a convenient source of the [Cp*CoL(H)]+ fragment.  
Addition of 2 equiv. of acetonitrile to solutions of 2a or 2b quantitatively generates the 
corresponding [Cp*Co(L)(H)(NCCH3)][B(ArF)4] complexes 4a and 4b while addition of ~1 
equiv. 3,5-bis(trifluoromethyl)benzonitrile to solutions of 2a or 2b quantitatively generates 
the corresponding [Cp*Co(L)(H)(NC(3,5-(CF3)2C6H3))][B(ArF)4] complexes 5a and 5b.  
Similarly, addition of 1 equiv. of P(OMe)3 to 2a or PMe3 to 2b quantitatively generates the 
corresponding bisphosphite and bisphosphine hydride complexes, 6a and 6b, respectively.  
Also, addition of 1 equiv. of P(OMe)3 to 2b results in the formation of the mixed 
phosphine/phosphite hydride complex 6c.  Consistent with our findings that these Co(III) 
complexes function as olefin hydrogenation catalysts, addition of an olefin such as propene 
to 2a generates the previously reported β-agostic propyl complex, 7a (R = CH3).15  Finally, 
addition of 3 equiv. of methanol to a solution of 2a or 2b quantitatively generates the 
corresponding O-bound methanol hydride adducts 8a and 8b, as evidenced by the 
observation in the 1H NMR spectrum of a methyl doublet (δ 3.00, 3JHH = 4.5 Hz) and a 1H 
quartet (δ 3.94 broad quartet) corresponding to coordinated methanol.  The chemical shift of 
the OH of bound methanol (δ 3.94) should be a good model for the chemical shifts of bound 
OH2 in 3a and 3b; however, no signals for 3a and 3b are observed in this range.  Their 
absence may be the result of exchange broadening.  The 1H NMR data for the Co-H signals 
of complexes 2 - 6 and 8 and 10 are presented in Table 3.1 along with the relevant JPH 
coupling constants. 
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Scheme 3.3. Substitution of the η2-H2 ligand in Co(III)-(H)(η2-H2)+ complexes 2a and 2b. 
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 Upon addition of methyl acrylate to a solution of 2a at -30°C we anticipated the 
formation of an alkyl agostic complex similar to 7a.  However, examination of the 1H NMR 
spectrum indicated the presence of two products, neither of which contained a signal 
assignable to an agostic hydrogen.  This mixture of products has been characterized as the 
regioisomers resulting from 1,2- and 2,1-insertion of methyl acrylate into the Co-H bond in 
2a with the kinetic product (ca. 11:1) being the species resulting from 2,1-insertion (9a’, 
Scheme 3.4).35-40  The methine hydrogen of 9a’ appears as a quartet at δ 3.90 with a 
corresponding methyl doublet at δ 1.15 while the methylene hydrogens of the 1,2-insertion 
product 9a appear as four separate multiplets between 2.2 and 2.9 ppm, indicating two sets of 
diastereotopic methylene groups as a result of chelation of the carbonyl group and a chiral 
center at cobalt.  It is likely the carbonyl group is coordinated to Co as shown in 9a’ as well, 
however, there is no spectroscopic evidence to support such an assumption.  The alternative 
structure would involve an oxa-pi-allyl structure, i.e. coordination as an η3-enolate.41, 42   
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Table 3.1.  1H NMR data for Co(III)-(H)+ complexes 2 – 6, 8 and 10. 
Complex δ Co-H (ppm) 2JHP (Hz) 
Cp*Co(P(OMe)3)(H)(η2-H2)+ 2a a -10.46, d 29 
Cp*Co(PMe3)(H)(η2-H2)+ 2b a -10.70, d 27 
Cp*Co(P(OMe)3)(H)(OH2)
+ 3a a -10.99, d 113 
Cp*Co(PMe3)(H)(OH2)
+ 3b a -11.27, d 98 
Cp*Co(P(OMe)3)(H)(NCCH3)
+ 4a a -12.54, d 110 
Cp*Co(PMe3)(H)(NCCH3)
+ 4b a -13.58, d 101 
Cp*Co(P(OMe)3)(H)(NCArF)
+ 5a a -12.11, d 109 
Cp*Co(PMe3)(H)(NCArF)
+ 5b a -13.14, d 99 
Cp*Co(P(OMe)3)2(H)
+ 6a b -14.29, t 81 
Cp*Co(PMe3)2(H)
+ 6b a -16.60, t 80 
Cp*Co(P(OMe)3)(PMe3)(H)
+ 6c a -15.30, dd 76 and 86 
Cp*Co(P(OMe)3)(H)(CH3OH)
+ 8ac -11.52, d 121 
Cp*Co(PMe3)(H)(CH3OH)
+ 8ba -11.63, d 108 
Cp*Co(P(OMe)3)(H)2 10a
a -17.23, d 98 
Cp*Co(PMe3)(H)2 10b
a -18.09, d 89 
aCD2Cl2 solution at -30°C at 500 MHz.  
bCD2Cl2 solution at 25°C at 300 MHz.  
cCD2Cl2 
solution at 20°C at 500 MHz 
 
Scheme 3.4. 1,2- and 2,1-insertion of methyl acrylate into Co-H 2a and 2b. 
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 Over a period of 24 hours at room temperature, this isomeric mixture converts 
completely to 9a which can then be isolated as a stable red-brown solid.  Concomitant 
formation of methyl propionate 9c resulting from hydrogenation of methyl acrylate by the H2 
released upon olefin coordination is observed by 1H NMR spectroscopy.  Insertion of methyl 
acrylate into the Co-H bond of 2b results in a similar mixture of regioisomeric products 
which convert to the 1,2-insertion product 9b. 
 Monitoring the reaction between 2a and 1.5 equivalents of methyl acrylate by 1H 
NMR at -30°C indicates that the majority of the starting Co(η2-H2)(H), 2a, is converted to 
the 2,1-insertion product 9a’ while only a very small fraction is converted to the 1,2-insertion 
product, 9a.  Warming the solution to 20°C results in an increase in the concentration of 9a at 
the expense of 9a’, and the signals corresponding to methyl propionate 9c (δ 3.63 (3H, s, 
OCH3), 2.30 (2H, q, CH2), 1.13 (3H, t, CH3)) increase at a comparable rate.  As a 
consequence of generating 2a in situ, there is excess H2 present in solution in addition to the 
H2 displaced upon coordination and insertion of methyl acrylate.  H2 and free methyl acrylate 
(0.3 equivalents relative to [Co]total) are still present in solution upon complete conversion to 
9a.  Based on this information two potential pathways may be proposed by which complexes 
9a’ and 9b’ are converted at 20°C to 9a and 9b, respectively. 
 In the first mechanism (Scheme 3.5, pathway A), β-H elimination in 9a’ would 
generate an η2-olefin hydride complex.  Rotation of the pi-bound acrylate followed by 1,2-
insertion would result in formation of the observed products 9a.  The second mechanism 
(Scheme 3.5, pathway B) involves hydrogenolysis of the 2,1-insertion product, 9a’, releasing 
an equivalent of 9c, followed by coordination of free methyl acrylate.  Given the kinetic 
preference for 2,1-insertion observed previously (ca. 11:1 9a’:9a) methyl acrylate insertion 
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would result in formation of roughly 8% of the desired 1,2-insertion product, 9a, with the 
remaining 92% proceeding to reform 9a’. 
Scheme 3.5. Proposed acrylate rearrangement mechanisms 
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 The quantity of methyl propionate 9c generated upon conversion of 9a’/9b’ to 9a/9b 
can be used to distinguish between the two proposed pathways.  If the β-H elimination 
pathway A is favored, methyl propionate should not be formed as the only side reactions 
available are loss of methyl acrylate which could reform 2a upon coordination of free H2 or 
form a solvent coordinated Co-H species.  Under the reaction conditions where several 
equivalents of H2 are present (vide supra), hydrogenolysis of 9a’ (pathway B) would lead to 
the generation of several equivalents of methyl propionate relative to 9a as a result of further 
hydrogenolysis of the 9a’ formed upon hydrogenolysis and methyl acrylate insertion (>90%) 
as described above.  The possibility that hydrogenolysis of 9a is partly responsible for the 
formation of methyl propionate was also explored, however exposure of 9a to an H2 
atmosphere in CD2Cl2 at room temperature for 5 days does not result in the formation of 9c.  
Consistent with this observation, addition of a more donating ligand such as P(OMe)3, PMe3, 
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NCCH3 or C2H4, does not result in displacement of the carbonyl oxygen from the cobalt 
center as determined by 1H NMR.  These observations suggest that methyl propionate forms 
solely as a result of hydrogenolysis of the 2,1-insertion product 9a’.  Additionally, pathway B 
should also consume any free methyl acrylate present in solution as a result of this iterative 
process.   
 In order to help distinguish between these two pathways, the 2,1-insertion product 9a’ 
was generated in situ as described previously and the remaining H2 gas present in solution 
was removed.  Monitoring the reaction by 1H NMR over a period of 24 hours at room 
temperature indicates the complete disappearance of signals associated with 9a’ and the 
appearance of signals associated with 9a as the only product.  Based on this observation and 
the presence of methyl acrylate present in solution upon complete conversion to 9a, the β-H 
elimination and 1,2-insertion mechanism (pathway A) is the most logical explanation for the 
observed isomerization of 9a’/9b’ to 9a/9b while hydrogenolysis of 9a’/9b’ (pathway B) is a 
side reaction responsible for the observation of substoichiometric amounts (relative to 
[Co]total) of methyl propionate 9c. 
Single crystals of 9a suitable for x-ray diffraction analysis were obtained by vapor 
diffusion of pentane into a concentrated solution of isolated 9a in toluene.  An ORTEP 
representation and key bond distances and angles for 9a are shown in Figure 3.3 
(crystallographic data are summarized in Table 3.4, see experimental section).  The carbonyl 
group is coordinated to Co through the oxygen (Co(1) – O(4) = 1.974(3) Å) as was suggested 
previously based on 1H NMR data.   
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Figure 3.3. ORTEP representation of [Cp*Co(P(OMe)3)(CH2CH2C(O)OCH3)][B(ArF)4], 9a.  
The [B(ArF)4] anion has been omitted for clarity.  Selected bond lengths (Å) and angles 
(deg): Co(1)-C(1) 2.013(6), C(1)-C(2) 1.511(8), C(2)-C(3) 1.488(8), C(3)-O(4) 1.232(6), 
Co(1)-O(4) 1.974(3), C(3)-O(7) 1.310(6), O(7)-C(6) 1.447(7), Co(1)-P(1) 2.1339(16), Co(1)-
C(8) 2.135(7), Co(1)-C(9) 2.117(8), Co(1)-C(10) 2.077(9), Co(1)-C(11) 2.037(8), Co(1)-
C(12) 2.123(8); O(4)-Co(1)-C(1) 84.9(2), Co(1)-C(1)-C(2) 108.4(4), C(1)-C(2)-C(3) 
110.5(5), C(2)-C(3)-O(4) 121.6(5), C(3)-O(4)-Co(1) 114.2(3), C(2)-C(3)-O(7) 116.7(5), 
C(3)-O(7)-C(6) 116.8(4), Co(1)-P(1)-O(18) 114.36(16), Co(1)-P(1)-O(20) 118.79(17), 
Co(1)-P(1)-O(22) 111.71(16). 
 In addition to H2 substitution and olefin insertion chemistry, 2a and 2b also react as 
acids upon exposure to amine bases as is shown in Scheme 3.6.  Addition of ~1 equiv. of 
triethylamine to methylene chloride-d2 solutions of 2a and 2b quantitatively generates the 
neutral Co(III) dihydride complexes 10a and 10b.  Heterolytic cleavage of η2-H2 ligands has 
been reported by Crabtree43 for the deprotonation of [IrH(η2-H2)(bq)(PPh3)2]+ (bq = 
benzoquinone) by alkyl lithium reagents and by Heinekey44 for the deprotonation of 
CpRu(dmpe)(η2-H2) (dmpe = 1,2-bis(dimethylphosphino)ethane) by triethylamine to 
generate the corresponding Ru-H complex. 
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Scheme 3.6. In situ generation of neutral Co(III) dihydride complexes 10a and 10b. 
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 Silanolysis of [Cp*Co(L)(CH2CH2-µ-H)][B(ArF)4] (Cp* = C5(CH3)5; L = 
P(OMe)3, 1a; L = PMe3, 1b).  Reaction of 1a with triethylsilane followed a less 
straightforward route relative to the hydrogenolysis reaction.  Monitoring the reaction of 1a 
with Et3SiH (5 equiv.) at 25°C by 
1H NMR spectroscopy showed the formation of two major 
cobalt hydride products and the liberation of one equivalent of ethane.  The first of these, 
11a, exhibited a doublet, (δ -13.30, 2JHP = 51 Hz) which was initially believed to correspond 
to Cp*Co(P(OMe)3)(SiEt3)2(H)
+ (B, Scheme 3.7), the expected product from reaction of 
Cp*Co(P(OMe)3)(SiEt3)
+ (intermediate A, Scheme 3.7) with an additional equivalent of 
silane.  However, recognizing that cationic metal silyl complexes are highly electrophilic and 
extremely sensitive to water, the possibility that 11a resulted from hydrolysis of 
Cp*Co(P(OMe)3)(SiEt3)2(H)
+ (B) and had the formula Cp*Co(P(OMe)3)(SiEt3)(H)2
+ (D, 
Scheme 3.7) was also considered.  Due to overlapping metal hydride signals between 11a 
and the other major product, distinguishing between these possible structures based on signal 
integration was not possible.24  Prolonged reaction times lead to signals due to 2a and 2b, 
indicating further hydrolysis of the Co-Si moiety. 
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Scheme 3.7. Reaction of 1a and Et3SiH. 
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 The η2-dihydrogen hydride complex 2a serves as a convenient source of 
Cp*Co(P(OMe)3)(H)
+ (vide supra) and as such is a logical starting point for the independent 
synthesis of compounds with the general formula Cp*Co(P(OMe)3)(SiEt3)(H)2
+.  Addition of 
a slight excess of Et3SiH to a CD2Cl2 solution of 2a resulted in the loss of hydrogen and 
quantitative formation of a species with 1H NMR signals matching those of 11a.  The Co-H 
signal integrates for two protons versus the corresponding Cp* and P(OMe)3 signals 
consistent with the formula Cp*Co(P(OMe)3)(SiEt3)(H)2
+.  Close examination of the Co-H 
signal (δ -13.30) revealed the presence of 29Si satellites (I = ½, 4.7% natural abundance),29 
however due to short T1(min) values and the quadrupole moment of 
59Co (eQ = 0.42 x 10-28 
m2)29 these satellites are not sufficiently resolved to obtain accurate 29Si-1H coupling 
constants.  Enhancement of the 29Si satellites was achieved using a 1D 1H/29Si HMQC 
experiment (500.13 MHz) providing a 29Si-1H coupling constant of 29 Hz (shown for the 
PhMeSiH2 complex 14a in Figure 3.4).  Knowing this coupling constant we were also able to 
employ a 29Si{1H} DEPT 45 experiment to obtain a 29Si chemical shift of δ 20.9 (2JSiP = 11 
Hz) relative to Me4Si. 
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Figure 3.4. Overlay of the upfield region of the 1H NMR spectrum of 
Cp*Co(P(OMe)3)(H)(η2-HSiPhMeH)+ 14a at -30°C showing the Co-H signal at δ -12.60 
with coupling to the 31P nucleus (2JHP = 46.5 Hz, bottom spectrum) and the 
29Si satellites 
obtained after the 1H/29Si HMQC of 14a (1JSiH(observed) = 33.5 Hz, top spectrum). 
 The same procedure can be used to generate in situ a variety of complexes with the 
general formula Cp*Co(L)(SiR3)H2
+ starting from 2a or 2b (Scheme 3.8).  Addition of 
Ph2SiH2, PhSiH3 and Ph(Me)SiH2 to 2a generates the corresponding phosphite complexes 
12a, 13a and 14a, respectively; while addition of Et3SiH, Ph2SiH2, PhSiH3 and Ph(Me)SiH2 
to 2b quantitatively generates the corresponding phosphine complexes 11b, 12b, 13b and 
14b.  Complexes 12 – 14 contain terminal Si-H bonds which are not coordinated to cobalt.  
They exhibit slightly higher 29Si-1H coupling constants (216 – 222 Hz), relative to the 29Si-1H 
coupling constants in the free silanes (Ph2SiH2: 
1JSiH = 200 Hz, PhSiH3: 
1JSiH = 200 Hz, 
PhMeSiH2: 
1JSiH = 193 Hz). 
The 1H NMR spectrum of a CD2Cl2 solution of 14a below -45°C shows broadening 
of the Co-H doublet at δ -12.58 (Figure 3.5), while complete decoalescence into two doublets 
is observed at -78°C.  By contrast, the Co-H signals for 11a – 13a do not exhibit any 
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appreciable broadening at -80°C.  1H NMR data for the Co-H signals of complexes 11-14 are 
presented in Table 3.2 along with the relevant 31P and 29Si coupling constants. 
Scheme 3.8. In situ generation of complexes 11-14. 
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Table 3.2. 1H NMR data for Co(III)-(H)+ for complexes 11-14. 
Complex δ Co-H (ppm) 2JHP (Hz) 1JSiH(obs.)a (Hz) 
Cp*Co(P(OMe)3)(H)(η2-HSiEt3)+, 11ab -13.30, d 51 29 
Cp*Co(PMe3)(H)(η2-HSiEt3)+, 11bc -13.96, d 45 29 
Cp*Co(P(OMe)3)(H)(η2-H2SiPh2)+, 12ad -12.14, d 46 31.5 
Cp*Co(PMe3)(H)(η2-H2SiPh2)+, 12bd -13.06, d 41 30 
Cp*Co(P(OMe)3)(H)(η2-H3SiPh)+, 13ab -12.34, d 44 29 
Cp*Co(PMe3)(H)(η2-H3SiPh)+, 13bd -13.14, d 43.5 29 
Cp*Co(P(OMe)3)(H)(η2-H2Si(Me)Ph)+, 14ad -12.60, d 46.5 33.5 
Cp*Co(PMe3)(H)(η2-H2Si(Me)Ph)+, 14bd -13.15, d 44.5 28.5 
aCalculated values of the 29Si-1H coupling constants in the range of 58 – 68 Hz, 1JSiH(calc.), 
are obtained by doubling the 1JSiH(obs.) values reported here.  
bCD2Cl2 solution at 25°C at 400 
MHz.  cCD2Cl2 solution at -19°C at 500 MHz.  
dCD2Cl2 solution at -30°C at 500 MHz. 
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Figure 3.5.  Variable temperature 1H NMR (500.13 MHz) of 14a. 
 Three structures having the formula Cp*Co(P(OMe)3)(SiR3)(H)2
+ were considered for 
complex 11a (Figure 3.6): a classical silyl dihydride structure Cp*Co(P(OMe)3)(SiR3)(H)2
+ 
(A), a silyl η2-dihydrogen structure Cp*Co(P(OMe)3)(SiR3)(η2-H2)+ (B), and an η2-silane 
hydride structure Cp*Co(P(OMe)3)(η2-HSiR3)(H)+ (C).  The silyl η2-H2 structure B was 
ruled out using a deuterium labeling experiment.  In structure B the hydrogen atoms always 
reside in an η2-H2 ligand and thus in the d1 labeled complexes, JHD values ca. 30 Hz should 
be observed.  Addition of Ph2SiH2 to samples of 2a-dn to form 
Cp*Co(P(OMe)3)(SiPh2H)(D)2-n(H)n
+, 12a-dn exhibited a decrease in the intensity of the Co-
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H signal however no H-D coupling was observed.  The presence of deuterium in the terminal 
Co-H position as indicated by the decreased signal intensity and the lack of H-D coupling 
clearly indicates that the silyl η2-H2 structure B is not the correct structure of 12a. 
Co
L
Me5
SiR3
+
H
H
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Co
L
Me5
SiR3
+
H
H
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+
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H
C  
Figure 3.6. Possible structures for Cp*Co(L)(SiR3)H2
+. 
 Distinguishing between the classical silyl dihydride structure A and the η2-silane 
hydride structure C can be accomplished using the 29Si-1H coupling constants.  The JSiH 
values for η2-silane complexes typically fall in the range of 40 - 160 Hz, while JSiH values 
between terminal hydride and terminal silyl substituents are very much smaller.45-54  1H NMR 
spectra of complexes 11-14 exhibit a single cobalt-hydride resonance of intensity 2H down to 
-30°C and observed 29Si-1H coupling constants in the range of 29 – 32 Hz (see Table 3.2), 
implying dynamic behavior whereby terminal (i.e. Co-H) and bridging (i.e. η2-H-Si) 
hydrides undergo site exchange.55-57  As a result, the observed 29Si-1H coupling constants 
represent a time averaged value between the terminal (i.e. 2JSiH) and bridging (i.e. 
1JSiH) 
hydrides.58, 59  Under the assumption that there is no observed coupling between the terminal 
hydrides and 29Si (i.e. 2JSiH = 0 Hz),
59, 60 the 29Si-1H coupling constant (1JSiH) is calculated to 
be 58 Hz for 11a and 58 Hz for 11b in good agreement with expected values.47, 51-53  The 
observed values of 29Si-1H coupling constants for complexes 12 – 14 are displayed in Table 
3.2 and range from 29 – 34 Hz implying η2-Si-H structures for all of these species with 1JSiH 
values of 58 – 68 Hz. 
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 The 29Si{1H} NMR spectra of these η2-silane complexes were also examined and the 
chemical shifts of 11 – 14 along with the change in chemical shift upon η2-coordination to 
the metal (∆ (ppm) = δcoord. - δfree) are displayed in Table 3.3.  Regardless of the phosphorus 
ligand employed, the chemical shifts of the η2-coordinated silanes are shifted approximately 
20 - 30 ppm downfield relative to the uncoordinated silanes, consistent with reported 29Si 
chemical shifts of other η2-silane complexes.58  The limited number of examples containing 
29Si NMR data of Co-silyl complexes exhibit 29Si chemical shifts that are shifted 
significantly downfield (>50 ppm) relative to the uncoordinated silanes.  Related Co(I) silyl 
complexes, (CO)3(L)Co(SiEt3), reported by Gregg and Cutler exhibit 
29Si chemical shifts of δ 
51.86 (L = PPh2Me), and 52.94 (L = PPh3) relative to external (CH3)4Si at δ 0.00.61 
Table 3.3. 29Si{1H} NMR data for Co(III)-(η2-HSi)+ complexes 11-14a. 
Complex δ 29Si (ppm) 2JSiP (Hz) ∆b (ppm) 
Cp*Co(P(OMe)3)(H)(η2-HSiEt3)+, 11a 20.9, d 10.9 20.6 
Cp*Co(PMe3)(H)(η2-HSiEt3)+, 11b 20.7, br   — 20.4 
Cp*Co(P(OMe)3)(H)(η2-H2SiPh2)+, 12a -2.5, d 13.0 30.6 
Cp*Co(PMe3)(H)(η2-H2SiPh2)+, 12b 0.7, d 14.0 33.8 
Cp*Co(P(OMe)3)(H)(η2-H3SiPh)+, 13a -28.4, br   — 31.0 
Cp*Co(PMe3)(H)(η2-H3SiPh)+, 13b -26.7, d 14.0 32.7 
Cp*Co(P(OMe)3)(H)(η2-H2Si(Me)Ph)+, 14a -8.9, d 12.3 26.7 
Cp*Co(Pme3)(H)(η2-H2Si(Me)Ph)+, 14b -9.0, d 13.5 26.6 
aCD2Cl2 solution at -30°C at 99.36 MHz (relative to external (CH3)4Si at δ = 0.00).  
b∆ (ppm) = δcoord. – δfree  29Si{1H} NMR δfree Et3SiH @ 0.29, PhSiH3 @ -59.4, Ph2SiH2 @ -
33.1, PhMeSiH2 @ -35.6. 
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Discussion 
 Cobalt(III) η2-dihydrogen complexes.  Hydrogenolysis of the cationic Co(III) 
agostic ethyl complexes 1a and 1b generates cationic “(Η3)” species which have been 
characterized using 1H NMR spectroscopy as the non-classical (η2-H2)(H) complexes  2a and 
2b, respectively.  These η2-dihydrogen complexes, Cp*Co(L)(η2-H2)(H)+, can be added to 
the list of previously reported complexes bearing the general formula (C5R5)M(L)(H)3
+ (R = 
H, CH3, M = Ir
62-65 and Rh30).  Like 2a/b all members of this family exhibit a single 
resonance in the upfield region of their 1H NMR spectra at ambient temperatures.  The 
analogous Rh complexes have been assigned an (η2-H2)(H) structure based on T1(min) 
measurements, H-D coupling constants and isotopic labeling studies.30  However, an absence 
of observable H-D coupling has precluded any η2-H2 formulation for the reported Ir 
complexes.64, 65  Arrest of the site exchange process between the unique trans hydride and the 
two equivalent cis hydrides has been achieved for the Ir complexes using low temperature 1H 
NMR techniques.64  Extremely large, temperature dependent H-H couplings have been 
observed in these low temperature spectra, a phenomenon which has been attributed to a 
quantum mechanical exchange process.64-66 
 Substitution of the coordinated H2 has been observed upon addition of several 2e
- σ-
donor ligands to generate the corresponding Co(III)-H+ complexes 4 – 6 and 8 (Scheme 3.3) 
while the addition of 2e- pi-donor ligands such as propylene or methyl acrylate results in 
olefin insertion.  While coordination and insertion of propylene results in formation of a β-
agostic propyl complex 7a analogous to 1a, insertion of methyl acrylate forms a very 
different species.  The initially generated 11:1 mixture of 2,1- and 1,2-insertion products 
isomerizes to the thermodynamically favored 1,2-insertion product 9a/b containing a five 
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membered metallacycle involving coordination of the carbonyl oxygen of the acrylate to the 
cationic Co(III) center (see Figure 3.3 for 9a).  This mixture of regioisomers has been shown 
to isomerize to the 1,2-insertion product 9a via a mechanism involving β-H elimination, 
olefin rotation and 1,2-insertion of the bound olefin as depicted in pathway A of Scheme 3.5. 
 Cobalt(III) η2-silane complexes.  η2-Coordination of a sigma bond to an 
electrophilic Cp*Co(L)H+ fragment has also been observed upon addition of silanes to 
complexes 2a and 2b to generate the η2-silane hydride complexes 11 – 14 (Scheme 3.8).  The 
characterization of these complexes as η2-silane complexes mirrors the reactivity of the 16e- 
fragments, Cp’M(L)(H)+ (Cp’ = C5H5, C5Me5; M = Co, Rh, Ir), towards hydrogen to generate 
η2-dihydrogen complexes.  Both Co(III) and Rh(III)59, 67, 68 complexes contain η2-silane 
adducts while the corresponding Ir complexes are best described as Ir(V) silyl hydrides.2  
Along with complexes 1a/b and 2a/b, η2-coordination of a Si-H bond to a Cp*Co(L)(R)+ 
fragment completes a series of compounds featuring η2-CβH, η2-H2 and η2-SiH ligands.33  
One noteworthy aspect of these Co-(η2-silane) cations is that they are extremely 
electrophilic.  Despite the most rigorous attempts to dry NMR solvents, the presence of 2a/b 
in samples of 11 – 14 generated by addition of silane to 1a/b indicates that these species react 
rapidly with trace amounts of moisture.  This is reminiscent of the acute moisture sensitivity 
of Cp*Co(L)(CH2CH(SiR3)-µ-H)
+, a previously reported compound which likewise 
hydrolyzes to give 1a/b.69 
Hydride exchange mechanism in [Cp*Co(L)(H)(η2-HSiR3)][B(ArF)4] complexes 
11 - 14.  The observation of a single Co-H signal in the 1H NMR spectra of η2-silane hydride 
complexes 11 – 14 suggests the terminal (i.e. Co-H) and bridging (i.e. η2-H-Si) hydrides are 
exchanging rapidly on the NMR timescale.  Two possible mechanisms for this dynamic 
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process can be envisioned which exchange hydrides between bridging and terminal positions.  
The first of these processes (Scheme 3.9) involves concomitant breakage of the µ-Ha-Si bond 
and bond formation between the Si and the formerly terminal hydride (Hb).
14  This 
mechanism explains the appearance of a single Co-H resonance for complexes 11 – 13, as the 
terminal and bridging hydrides are rendered chemically equivalent by the effective mirror 
plane induced by this exchange process. 
Scheme 3.9. The “silyl slide” mechanism. 
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 Due to the prochiral silane in complex 14a, this “silyl slide” mechanism alone does 
not induce equivalence between terminal and bridging hydrides since no site exchange occurs 
(Scheme 3.10).  In order to observe a single Co-H resonance at ambient temperatures, a 
second process must be operable.  Here, silane rotation brings the bridging (Ha) and terminal 
hydrides (Hb) into a cis arrangement, allowing for dihydrogen formation (Scheme 3.11), 
ultimately resulting in site exchange.  Variable temperature 1H NMR experiments of 11 – 14 
support the presence two distinct dynamic processes.  Decoalescence of the Co-H signal of 
14a occurs below -45°C while the corresponding signals for 11 – 13 exhibit no broadening at 
all observable temperatures (vide supra).  This suggests that the second exchange process has 
a significantly higher energy barrier than the first process.  Since complex 14a exists as a 
mixture of diastereomers, the observation of only two Co-H signals at -78°C for 14a 
indicates the energy barrier for the silyl exchange mechanism is extremely low, as freezing 
out this process would result in four separate Co-H resonances, two for each diastereomer.  
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Quantitative determination of the energy barrier associated with the dihydrogen exchange 
mechanism (Scheme 3.11) is hampered by overlapping Co-H signals (Figure 3.5), however 
an upper limit of the barrier to hydride exchange, ∆G‡ < 9.8 kcal/mol at -67°C, can be 
determined using the rate equation at coalescence (TC = -67°C) k = (pi(νA-νX))/√2 with νA 
and νX determined from the spectrum recorded at -78°C.29  
Scheme 3.10. Diastereomers of 14a. 
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Scheme 3.11. Dihydrogen mechanism. 
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 Cobalt-Alkyl Cleavage Mechanism.  The spectroscopic characterization of 
[Cp*Co(L)(H)(η2-H2)][B(ArF)4] and [Cp*Co(L)(H)(η2-HSiR3)][B(ArF)4] complexes 2a/b 
and 11 – 14 as having non-classical structures has provided insight into the mechanism of the 
Co-alkyl cleavage steps.  η2-Coordination of H2 and silanes to an electrophilic 16e- 
Cp*Co(L)(H)+ fragment to generate the reported complexes is suggestive of similar 
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coordination occurring at the Co(III) center of the alkyl agostic complexes 1a/b prior to Co-
alkyl cleavage steps in related hydrogenation and hydrosilation chemistry.69  This mode of 
coordination of H2 and silanes can be rationalized using electronic arguments.  In particular, 
3-center, 2-electron bonds result from coordination of H2 and silane to a highly electrophilic 
metal center which is unable to effect complete oxidative addition due to poor back donation 
into the H-X σ* orbitals (Figure 3.7). 
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Figure 3.7. Bonding interactions of metal η2-H2 and η2-Si,H complexes. 
 σ-Coordination of dihydrogen and silane prior to Co-alkyl cleavage is similar to 
behavior of other d6 late metal complexes which have been observed to undergo rapid ligand 
rearrangement without a change in oxidation state.70  This σ-Complex Assisted Metathesis 
(σ-CAM) process has been proposed to operate in a variety of catalytic processes including 
the activation of dihydrogen,71, 72 silanes,73 boranes74, 75 and alkanes.71, 72  Dihydrogen and 
silane induced Co-alkyl cleavage via Co(III) intermediates avoids high energy Co(V) species 
and is fully consistent with this σ-CAM pathway. 
Conclusions 
 Addition of H2 to electrophilic Co(III) alkyl complexes 1a/b results in the formation 
of Co(III) η2-dihydrogen hydride complexes.  These substitutionally labile dihydrogen 
complexes react with a variety of donor ligands including nitriles, phosphines and methanol 
to generate the corresponding Co(III)(L)(L’)H+ complexes 4 – 6 and 8.  Insertion of methyl 
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acrylate into the Co-H bond of 2a/b results in the formation of a mixture of 1,2- and 2,1 
insertion products 9a/9a’ and 9b/9b’.  These mixtures ultimately rearrange to form the more 
stable 5-membered chelates 9a and 9b.  Complex 9a has been independently synthesized and 
characterized by single crystal x-ray diffraction. 
 Reaction of triethylsilane with these Co(III) alkyl complexes generates two products, 
one of which has been identified as an η2-silane hydride complex 11a based on the value of 
its 29Si-1H coupling constant of 58 Hz.  Several other η2-silane hydride complexes, 11 - 14, 
have been generated upon addition of silane to the aforementioned η2-dihydrogen hydride 
complexes.  Variable temperature 1H NMR studies of 14a containing a prochiral silane, 
PhMeSiH2, suggest the presence of two distinct pathways for exchange of the terminal Co-H 
and bridging η2-SiH.  The higher energy process can be frozen out at -78°C and is proposed 
to involve silane rotation and formation of a η2-H2 ligand, while the lower energy pathway is 
proposed to involve rapid sliding of the silyl substituent between bridging and terminal 
hydrides. 
 These new η2-H2 and η2-silane complexes are suggestive of similar η2-coordination 
occurring prior to the cleavage of Co-alkyl bonds via a σ-CAM process.  This allows the 
highly electrophilic Co(III) center to avoid high energy, formally Co(V) intermediates that 
would be generated upon oxidative addition of hydrogen or silane.  Further studies will focus 
on identifying the second product formed upon addition of triethylsilane to the Co(III)-ethyl 
complex 1a as well as expanding the scope and reactivity of these η2-dihydrogen complexes 
2a/b towards functionalized olefins. 
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Experimental 
 General Methods: All manipulations of air and/or moisture sensitive compounds 
were conducted using standard Schlenk techniques.  Argon was purified by passage through 
columns of BASF R3-11 catalyst (Chemalog) and 4 Å molecular sieves.  Toluene, pentane, 
hexane, methylene chloride and diethyl ether were deoxygenated and dried over a column of 
activated alumina.76 
 Materials: Acetonitrile, 3,5-bis(trifluoromethyl)benzonitrile, methanol (anhydrous), 
triethyl amine, 1,2,3,4,5-pentamethylcyclopentadiene (Cp*H) and iodine were used as 
received from Aldrich.  Dicobalt octacarbonyl was purchased from Strem and used as 
received.  Na[B(ArF)4]
77 (ArF = 3,5-(CF3)2C6H3), H(OEt2)2B(ArF)4,
17 7a,15 
Cp*Co(P(OMe)3)(C2H4)
78, 79 and Cp*Co(PMe3)(C2H4)
78, 79  were prepared according to 
literature procedures.  Polymer grade ethylene (99.9%) and hydrogen were purchased from 
National Welders Supply Co. and used as received.  Methylene chloride-d2 was purchased 
from Cambridge Isotope Laboratories, dried over CaH2 and degassed using freeze-pump-
thaw techniques.  Deuterium gas was purchased from Cambridge Isotope Laboratories and 
used as received.  All 1H, 13C and 29Si{1H} NMR spectra were recorded on Bruker Avance 
300, 400 or 500 MHz spectrometers and calibrated at low temperature using MeOH.  
Chemical shifts are reported relative to internal CHDCl2 (δ 5.32 for 1H), CD2Cl2 (δ 54.00 for 
13C) and external (CH3)4Si (δ 0.00 for 29Si). 
 NMR data for [B(ArF)4]
-
 anion.  The 1H and 13C NMR chemical shifts of the 
B(ArF)4
- counter anion do not change significantly with temperature and are reported here for 
all complexes.  1H NMR (CD2Cl2) δ 7.70 (8H, s, ArF o-H), 7.55 (4H, s, ArF p-H).  13C NMR 
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(CD2Cl2) δ 162.0 (q, Cipso, 1JCB = 67 Hz), 135.0 (d, Cortho, 1JCH = 163 Hz), 129.0 (q, Cmeta, 2JCF 
= 47 Hz), 125.0 (q, CF3, 
1JCF = 378 Hz), 117.5 (d, Cpara, 
1JCH = 163 Hz). 
 [Cp*Co(P(OMe)3)(C2H4-µ-H)][B(ArF)4], 1a.  This complex was synthesized 
according to previously published procedures.17  X-ray quality crystals of 1a were obtained 
by slow vapor diffusion of hexane into a concentrated methylene chloride solution. 
 [Cp*Co(PMe3)(C2H4-µ-H)][B(ArF)4], 1b.  The BF4
- salt of this complex has been 
previously reported,15 however the B(ArF)4
- salt has been isolated here using a procedure 
analogous to that used to prepare 1a and the 1H NMR data for the Cp*Co(PMe3)(C2H4-µ-H)
+ 
is consistent with that reported for the BF4
- complex.17  A flame dried Schlenk flask was 
charged with Cp*Co(PMe3)(C2H4) (70 mg, 0.235 mmol) and [H(OEt2)2][B(ArF)4] (214 mg, 
0.211 mmol) at room temperature.  Methylene chloride (4 mL) was added and the mixture 
was stirred until all solids had dissolved (~2-3 min.) before cooling to -78°C for 1-2 hrs.  
Hexane (10 mL) was added to precipitate the product, and the reaction mixture was allowed 
to settle for ~30 min at -78°C.  The red brown solid was isolated via cannula filtration, 
washed with hexane (2x5 mL) and dried in vacuo at room temperature for ~30 min. before 
being stored in the glovebox at -35°C (219 mg, 89%).  X-ray quality crystals were grown by 
slow evaporation of methylene chloride-d2 from a concentrated solution of 1b.  
1H NMR 
(CD2Cl2, 500.13 MHz, -82°C) δ 2.64 (1H, s, C-Hβ), 1.58 (15H, s, C5(CH3)5), 1.22 (1H, s, C-
Hβ), 0.993 (9H, d, P(CH3)3, 3JHP = 9.5 Hz), -0.228 (1H, s, C-Hα), -0.508 (1H, s, C-Hα), -12.74 
(1H, br s, Co-H-C).  13C NMR (CD2Cl2, 100.59 MHz, -80°C) δ 95.0 (s, C5(CH3)5), 25.2 (t, 
Cα, 
1JCH = 159 Hz), 12.9 (dq, P(CH3)3, 
1JCH = 129 Hz, 
2JHP = 30 Hz), 8.90 (q, C5(CH3)5, 
1JCH 
= 129 Hz), -5.47 (td, Cβ, 1JCHβ = 139 Hz, 1JC-H-Co = 64 Hz). 
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 [Cp*Co(P(OMe)3)(H)(η2-H2)][B(ArF)4], 2a.  A flame dried screw cap NMR tube 
was charged with [Cp*Co(P(OMe)3)(Et)][B(ArF)4] (10 mg, 0.0083 mmol) and CD2Cl2 (600 
µL) and cooled to -78°C.  H2 (~20 equiv., 4.0 mL, 0.165 mmol) was added via syringe and 
the tube was shaken several times before being placed in a precooled NMR probe at -30°C.  
The desired product was generated as the major species in solution (85 – 100% yield) within 
30 minutes at -30°C and has been characterized in situ.  1H NMR (CD2Cl2, 500.13 MHz, -
30°C) δ 3.54 (9H, d, P(OCH3)3, 3JHP = 11.5 Hz), 1.87 (15H, s, C5(CH3)5), -10.46 (3H, d, 
Co(H)(η2-H2), 2JHP = 28.5 Hz).   The minor species in solution (0 – 15% yield) has been 
identified as [Cp*Co(P(OMe)3)(H)(OH2)][B(ArF)4] (3a) and has also been characterized in 
situ.  1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 3.72 (9H, d, P(OCH3)3), 3JHP = 11.0 Hz), 1.61 
(15H, s, C5(CH3)5), -10.99 (1H, d, Co-H , 
2JHP = 112.8 Hz).  The resonance of the bound H2O 
protons has not been located; this signal is either masked by other resonances or exchange-
broadened.  Both of these complexes decompose above 0°C and attempts to isolate them 
have been unsuccessful. 
 [Cp*Co(PMe3)(H)(η2-H2)][B(ArF)4], 2b.  This complex was generated following the 
previously described procedure for the analogous [Cp*Co(P(OCH3)3)(H)(η2-H2)][B(ArF)4] 
complex starting from [Cp*Co(PMe3)(Et)][B(ArF)4] (10 mg, 0.0086 mmol).  
1H NMR 
(CD2Cl2, 500.13 MHz, -30°C) δ 1.87 (15H, s, C5(CH3)5), 1.33 (9H, d, P(CH3)3, 3JHP = 11.0 
Hz), -10.70 (3H, d, Co(H)(η2-H2), 2JHP = 27.0 Hz).  The minor species in solution (0 – 15% 
yield) has been identified as [Cp*Co(PMe3)(H)(OH2)][B(ArF)4] (3b) and has also been 
characterized in situ.  1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 1.61 (15H, s, C5(CH3)5), 
1.41 (9H, d, P(CH3)3, 
3JHP = 10.5 Hz), -11.27 (1H, d, Co-H, 
2JHP = 97.5 Hz).  The chemical 
shift of the bound H2O protons has not been located; this signal is either masked by other 
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resonances or exchange-broadened.  Both of these complexes decompose above 0°C and 
attempts to isolate them have been unsuccessful. 
 In Situ Generation of [Cp*Co(L)(H)(L’)][B(ArF)4] Complexes from the 
corresponding [Cp*Co(L)(H)(
2η-H2)][B(ArF)4] complexes.  The desired ligand, L’, was 
added via syringe to a screw cap NMR tube at -30°C containing the appropriate 
[Cp*Co(L)(H)(2η-H2)][B(ArF)4] complex (generated in situ according to the above 
procedures).  The tube was shaken several times before being placed in a pre-cooled NMR 
probe at -30°C.  The desired products were generated and characterized in situ by 1H NMR 
due to their instability above 0°C.  
 [Cp*Co(P(OMe)3)(H)(NCCH3)][B(ArF)4], 4a.  This complex was generated 
quantitatively using the above procedure by adding CH3CN (1 µL, 0.019 mmol, 2 equiv.) to a 
CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 3.61 (9H, d, P(OCH3)3, 
3JHP = 11.5 Hz), 2.25 (3H, s, CH3CN), 1.64 (15H, s, C5(CH3)5), -12.54 (1H, d, Co-H, 
2JHP = 
110 Hz).  13C NMR (CD2Cl2, 125.76 MHz, -33°C) δ 128.5 (s, CH3CN), 97.73 (s, C5(CH3)5), 
52.91 (d, P(OCH3)3, 
2JCP = 5.4 Hz), 9.64 (s, C5(CH3)5), 8.71 (s, CH3CN). 
 [Cp*Co(P(OMe)3)(H)(NCArF)][B(ArF)4], 5a (ArF = 3,5-(CF3)2C6H3).  This 
complex was generated quantitatively using the above procedure by adding 3,5-
bis(trifluoromethyl)benzonitrile (1.5 µL, 0.0089 mmol, 1.1 equiv.) to a CD2Cl2 solution of 
2a.  1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 8.23 (1H, s, ArF p-H), 7.98 (2H, s, ArF o-H), 
3.68 (9H, d, P(OCH3)3, 
3JHP = 11.5 Hz), 1.71 (15H, s, C5(CH3)5), -12.11 (1H, d, Co-H, 
2JHP = 
109 Hz). 
 [Cp*Co(P(OMe)3)2(H)][B(ArF)4], 6a.  This complex was generated quantitatively 
using the above procedure by adding P(OMe)3 (1 µL, 0.0083 mmol, 1.0 equiv.) to a CD2Cl2 
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solution of 2a.  1H NMR (CD2Cl2, 300.13 MHz, 25°C) δ 3.62 (18H, virtual t, P(OCH3)3, 
3Japparent = 12.5 Hz), 1.78 (15H, s, C5(CH3)5), -14.29 (1H, t, Co-H, 
2JHP = 81 Hz). 
 [Cp*Co(P(OMe)3)(H)(MeOH)][B(ArF)4], 8a.  This complex was generated 
quantitatively using the above procedure by adding MeOH (1 µL, 0.025 mmol, 3 equiv.) to a 
CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 500.13 MHz, 20°C) δ 3.94 (1H, br q, CH3OH, 
3JHH = 4.5 Hz), 3.80 (9H, d, P(OCH3)3, 
3JHP = 11.0 Hz), 3.00 (3H, d, CH3OH, 
3JHH = 4.5 Hz), 
1.56 (15H, s, C5(CH3)5), -11.52 (1H, d, Co-H, 
2JHP = 121 Hz). 
 [Cp*Co(P(OMe)3)(CH2CH2C(O)OCH3)][B(ArF)4], 9a and 
[Cp*Co(P(OMe)3)(CH(CH3)C(O)OCH3)][B(ArF)4], 9a’.  These complexes were generated 
as a 11:1 mixture using the above procedure by adding methyl acrylate (1.1 µL, 0.12 mmol, 
1.5 equiv.) to a CD2Cl2 solution of 2a at -30°C and monitoring olefin insertion at 0°C.  The 
ratio of 9a:9a’ changed to 1:20.8 after 24 hours at room temperature.  9a 1H NMR (CD2Cl2, 
300.13 MHz, 20°C) δ 3.78 (9H, d, P(OCH3)3, 3JHP = 10.8 Hz), 3.64 (3H, s, OCH3), 2.84 (1H, 
q, CH2, 
3JHH = 9 Hz), 2.61 (1H, q, CH2, 
3JHH = 9 Hz), 2.4 – 2.2 (2H, overlapping m, CH2), 
1.42 (15H, C5(CH3)5).  9a’ 
1H NMR (CD2Cl2, 500.13 MHz, 0°C) δ 3.93 (1H, br s, CHCH3) 
3.77 (9H, d, P(OCH3)3, 
3JHP = 11 Hz), 3.48 (3H, s, OCH3), 1.49 (15H, s, C5(CH3)5), 1.17 (3H, 
d, CHCH3, 
3JHH = 7 Hz). 
 [Cp*Co(P(OMe)3)(H)(η2-HSiEt3)][B(ArF)4], 11a.  This complex was generated 
quantitatively using the above procedure by adding Et3SiH (2 µL, 0.012 mmol, 1.5 equiv.) to 
a CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 400.05 MHz, 25°C) δ 3.67 (9H, d, P(OCH3)3, 
3JHP = 12.0 Hz), 1.86 (15H, s, C5(CH3)5), 1.00 (9H, br t, (CH3CH2)3Si), 0.55 (6H, br q, 
(CH3CH2)3Si), -13.3 (2H, d, Co(H)(η2-SiH), 1JHSi(observed) = 29.0 Hz, 2JHP = 51 Hz). 29Si{1H} 
DEPT 45 (CD2Cl2, 99.36 MHz, -30°C) δ 20.9 (d, 2JSiP = 10.9 Hz). 
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 [Cp*Co(P(OMe)3)(H)(η2-HSiPh2H)][B(ArF)4], 12a.  This complex was generated 
quantitatively using the above procedure by adding Ph2SiH2 (2.5 µL, 0.012 mmol, 1.5 equiv.) 
to a CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 7.8 – 7.3 (10H, 
overlapping m, (C6H5)2Si), 5.71 (1H, s, Si-Hterminal, 
1JHSi = 222 Hz), 3.39 (9H, d, P(OCH3)3, 
3JHP = 11.5 Hz), 1.77 (15H, s, C5(CH3)5), -12.14 (2H, d, Co(H)(η2-HSi), 1JHSi(observed) = 31.5 
Hz, 2JHP = 46 Hz).  
29Si{1H} DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) δ -2.5 (d, 2JSiP = 13 Hz). 
 [Cp*Co(P(OMe)3)(H)(η2-HSiPhH2)][B(ArF)4], 13a.  This complex was generated 
quantitatively using the above procedure by adding PhSiH3 (2 µL, 0.017 mmol, 2 equiv.) to a 
CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 400.05 MHz, 25°C) δ 7.65 – 7.25 (5H, 
overlapping m, (C6H5)Si), 4.69 (2H, s, Si(Hterminal)2, 
1JSiH = 218 Hz), 3.63 (9H, d, P(OCH3)3, 
3JHP = 11.6 Hz), 1.78 (15H, s, C5(CH3)5), -12.34 (2H, d, Co(H)(η2-SiH), 1JHSi(observed) = 29.0 
Hz, 2JHP = 44 Hz). 
29Si{1H} DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) δ -28.4 (br s). 
 [Cp*Co(P(OMe)3)(H)(η2-HSiPhMeH)][B(ArF)4], 14a.  This complex was 
generated quantitatively using the above procedure by adding PhMeSiH2 (2 µL, 0.012 mmol, 
1.5 equiv.) to a CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 7.6 – 7.3 
(5H, overlapping m, (C6H5)Si), 5.04 (1H, s, Si-Hterminal, 
1JSiH = 216 Hz), 3.64 (9H, d, 
P(OCH3)3, 
3JHP = 12 Hz), 1.69 (15H, s, C5(CH3)5), 0.54 (3H, s, (CH3)Si), -12.60 (2H, d, 
Co(H)(η2-SiH), 1JSiH(observed) = 33.5 Hz, 2JHP = 45 Hz). 1H NMR (CD2Cl2, 500.13 MHz, -
76°C) δ 7.7 – 7.2 (5H, overlapping m, (C6H5)Si), 4.97 (1H, s, Si-Hterminal), 3.60 (9H, d, 
P(OCH3)3, 
3JHP = 12 Hz), 1.59 (15H, s, C5(CH3)5), 0.40 (3H, s, (CH3)Si), -12.66 (1H, d, 
Co(HA)(η2-SiHB), 2JHP = 43.5 Hz), -12.81 (1H, d, Co(HB)(η2-SiHA), 2JHP = 43.5 Hz).  
29Si{1H} DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) δ -8.9 (d, 2JSiP = 12.3 Hz)  Variable 
temperature 1H NMR behavior of 14a is discussed in the text.  
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 [Cp*Co(PMe3)(H)(NCCH3)][B(ArF)4], 4b.  This complex was generated 
quantitatively using the above procedure by adding CH3CN (1 µL, 0.019 mmol, 2 equiv.) to a 
CD2Cl2 solution of 2b.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 2.28 (3H, s, CH3CN), 1.62 
(15H, s, C5(CH3)5), 1.36 (9H, d, P(CH3)3, 
2JHP = 10 Hz), -13.58 (1H, d, Co-H, 
2JHP = 101 Hz). 
 [Cp*Co(PMe3)(H)(NCArF)][B(ArF)4], 5b (ArF = 3,5-(CF3)2C6H3).  This complex 
was generated quantitatively using the above procedure by adding 3,5-
bis(trifluoromethyl)benzonitrile (2 µL, 0.012 mmol, 1.4 equiv.) to a CD2Cl2 solution of 2b.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 8.22 (1H, s, NCArF p-H), 8.02 (2H, s, NCArF o-H), 
1.69 (15H, s, C5(CH3)5), 1.44 (9H, d, P(CH3)3, 
2JHP = 10 Hz), -13.14 (1H, d, Co-H, 
2JHP = 
98.5 Hz). 
 [Cp*Co(PMe3)2(H)][B(ArF)4], 6b.  This complex was generated quantitatively using 
the above procedure by adding PMe3 (1 µL, 0.010 mmol, 1.2 equiv.) to a CD2Cl2 solution of 
2b.  1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 1.73 (15H, s, C5(CH3)5), 1.39 (18H, br s, 
P(CH3)3), -16.6 (1H, t, Co-H, 
2JHP = 79.5 Hz). 
 [Cp*Co(PMe3)(H)(P(OMe)3)][B(ArF)4], 6c.  This complex was generated 
quantitatively using the above procedure by adding P(OMe)3 (1 µL, 0.012 mmol, 1.2 equiv.) 
to a CD2Cl2 solution of 2b.  
1H NMR (CD2Cl2, 500.13 MHz, -30°C) δ 3.72 (9H, d, 
P(OCH3)3, 
3JHP = 10 Hz), 1.55 (15H, s, C5(CH3)5), 1.32 (9H, br s, P(CH3)3), -15.30 (1H, dd, 
Co-H, 2JHP = 76Hz, 
2JHP = 85.5 Hz). 
 [Cp*Co(PMe3)(H)(MeOH)][B(ArF)4], 8b.  This complex was generated 
quantitatively using the above procedure by adding MeOH (1 µL, 0.025 mmol, 3 equiv.) to a 
CD2Cl2 solution of 2a.  
1H NMR (CD2Cl2, 400.09 MHz, -30°C) δ 3.94 (1H, br s, CH3OH), 
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2.91 (3H, br s, CH3OH), 1.51 (15H, s, C5(CH3)5), 1.34 (9H, br s, P(CH3)3), -11.63 (1H, d, 
Co-H, 2JHP = 108 Hz). 
 [Cp*Co(PMe3)(CH2CH2C(O)OCH3)][B(ArF)4], 9b and 
[Cp*Co(PMe3)(CH(CH3)C(O)OCH3)][B(ArF)4], 9b’.  These complexes were generated as 
a 2.1:1 mixture using the above procedure by adding methyl acrylate (1.2 µL, 0.13 mmol, 1.5 
equiv.) to a CD2Cl2 solution of 2b at -30°C and monitoring olefin insertion at that 
temperature.  9b 1H NMR (CD2Cl2, 500.13 MHz, -15°C) δ 3.76 (3H, s, OCH3), 3.04 (1H, q, 
CH2, JHH = 10 Hz), 2.85 (1H, br t, CH2, JHH = 12 Hz), 2.63 (1H, dd, CH2, JHH = 8.7 Hz, JHH = 
19.5 Hz) 2.4 – 2.3 (1H, CH2, hidden under CH2 signal for 9c), 1.50 (15H, d, C5(CH3)5, 
4JHP = 
1.8 Hz), 1.30 (9H, d, P(CH3)3, 
2JHP = 9.8 Hz).  9b’ 
1H NMR (CD2Cl2, 500.13 MHz, -15°C) δ 
3.67 (1H, br s, CHCH3), 3.56 (3H, s, OCH3), 1.48 (15H, s, C5(CH3)5), 1.43 (3H, br s, 
CHCH3), 1.37 (9H, d, P(CH3)3, 
2JHP = 9.4 Hz). 
 [Cp*Co(PMe3)(H)(η2-HSiEt3)][B(ArF)4], 11b.  This complex was generated in situ 
in ~50% yield using the above procedure by adding Et3SiH (14 µL, 0.086 mmol, 10 equiv.) 
to a CD2Cl2 solution of 2b.  
1H NMR (CD2Cl2, 500.13 MHz, -19°C) δ 1.80 (15H, s, 
C5(CH3)5), 1.45 (9H, d, P(CH3)3, 
2JHP = 10.5 Hz), -13.96 (2H, d, Co(H)(η 2-SiH), 1JHSi(observed) 
= 29.0 Hz, 2JHP = 45 Hz).  
29Si{1H} DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) δ 20.7 (br s). 
 [Cp*Co(PMe3)(H)(η2-HSiPh2H)][B(ArF)4], 12b.  This complex was generated in 
situ in quantitative yield using the above procedure by adding Ph2SiH2 (6.4 µL, 0.0344 
mmol, 2 equiv.) to a CD2Cl2 solution of 2b (20 mg, 0.0172 mmol of 1b).  
1H NMR (CD2Cl2, 
500.09 MHz, -30°C) δ 7.65 – 7.39 (10H, overlapping m, Ph2Si), 5.80 (1H, s, SiHterminal, 1JSiH 
= 222 Hz), 1.72 (15H, s, C5(CH3)5), 1.14 (9H, d, P(CH3)3, 
2JHP = 10.5 Hz), -13.07 (2H, d, 
 80 
Co(H)(η2-SiH), 1JSiH(observed) = 30 Hz, 2JHP = 44 Hz).  29Si{1H} DEPT 45 (CD2Cl2, 99.35 
MHz, -30°C) δ 0.72 (d, 2JSiP = 14 Hz). 
 [Cp*Co(PMe3)(H)(η2-HSiPhH2)][B(ArF)4], 13b.  This complex was generated in 
situ in quantitative yield using the above procedure by adding PhSiH3 (4.3 µL, 0.0344 mmol, 
2 equiv.) to a CD2Cl2 solution of 2b (20 mg, 0.0172 mmol of 1b).  
1H NMR (CD2Cl2, 500.09 
Mhz, -30°C) δ 7.80 – 7.30 (5H, overlapping m, PhSi), 4.69 (2H, s, Si(Hterminal)2, 1JSiH = 218 
Hz), 1.69 (15H, s, C5(CH3)5), 1.51 (9H, d, P(CH3)3, 
2JHP = 7.5 Hz), -13.14 (2H, d, Co(H)(η2-
SiH), 1JSiH(observed) = 29 Hz, 
2JHP = 43.5 Hz).  
29Si{1H} DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) 
δ -26.7 (d, 2JSiP = 14 Hz). 
 [Cp*Co(PMe3)(H)(η2-HSiPhMeH)][B(ArF)4], 14b.  This complex was generated in 
situ in quantitative yield using the above procedure by adding PhMeSiH2 (4.7 µL, 0.0344 
mmol, 2 equiv.) to a CD2Cl2 solution of 2b (20 mg, 0.0172 mmol of 1b).  
1H NMR (CD2Cl2, 
500.09 MHz, -30°C) δ 7.70 – 7.30 (5H, overlaping m, PhSi), 5.03 (1H, s, SiHterminal, 1JSiH = 
219 Hz), 1.71 (15H, s, C5(CH3)5), 1.40 (9H, d, P(CH3)3, 
2JHP = 10.5 Hz), 0.81 (3H, br s, 
CH3Si), -13.15 (2H, d, Co(H)(η2SiH), 1JSiH(observed) = 28.5 Hz, 2JHP = 44.5 Hz).  29Si{1H} 
DEPT 45 (CD2Cl2, 99.35 MHz, -30°C) δ -9.0 (d, 2JSiP = 13.5 Hz). 
 Deprotonation of [Cp*Co(L)(η2-H2)(H)][B(ArF)4], 2a and 2b.  A solution of 2a or 
2b was generated in an NMR tube as described previously in CD2Cl2.  NEt3 (1 – 1.5 equiv.) 
was added to these solutions at 20°C via syringe and the tubes were briefly shaken to ensure 
complete mixing.  Cp*Co(L)(H)2 complexes 10a and 10b were obtained in quantitative 
yields and characterized in situ.  Cp*Co(P(OMe)3)(H)2, 10a: 
1H NMR (CD2Cl2, 500.13 MHz, 
-30°C) δ 3.41 (9H, d, P(OCH3)3, 3JHP = 11.5 Hz), 1.85 (15H, s, C5(CH3)5), -17.23 (2H, d, 
Co(H)2, 
2JHP = 97.5 Hz).  Cp*Co(PMe3)(H)2, 10b: 
1H NMR (CD2Cl2, 500.13 MHz, -30°C), δ 
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1.84 (15H, s, C5(CH3)5), 1.17 (9H, d, P(CH3)3, 
2JHP = 9.5 Hz), -18.09 (2H, d, Co(H)2, 
2JHP = 
88.5 Hz). 
 General Procedure for generating partially deuterated [Cp*(L)Co(H)(η2-
H2)][B(ArF)4] complexes, 2a-dn and 2b-dn.  A solution of the corresponding 
[Cp*Co(L)(H)(η2-H2)][B(ArF)4] complex in methylene chloride-d2 was degassed via two 
freeze-pump-thaw cycles, backfilled with D2 gas and stored at -78°C.  The tube was then 
briefly shaken before being placed in a pre-cooled NMR probe at -71°C at which point the 
reaction was monitored by 1H NMR. 
 [Cp*Co(P(OMe)3)(CH2CH2C(O)OCH3)][B(ArF)4], 9a.  A flame dried Schlenk 
flask was charged with 1a (200 mg, 0.165 mmol), methyl acrylate (297 µL, 3.30 mmol, 20 
equiv.) and methylene chloride (5 mL) under an atmosphere of Ar at room temperature.  The 
solution was allowed to stir for 5 – 10 min. before purging with H2 for 15 min. at which point 
the solution was sealed off from Ar and H2 and allowed to stir at room temperature for 2 hrs.  
The solution was then concentrated under vacuum to ~ 1 – 2 mL and hexane (8 mL) was 
added.  Volatiles were removed in vacuo with stirring to give a brown powder (178 mg, 
0.140 mmol, 85%) which was then dried under vacuum for an additional 1 hr. before being 
stored in a glovebox at -35°C.  X-ray quality crystals were grown by vapor diffusion of 
pentane into a concentrated 50:50 mixture of toluene and methylene chloride solution of 9a.  
1H NMR data is identical to that obtained upon in situ formation of 9a from 2a. 13C{1H} 
NMR (CD2Cl2, 125.77 MHz, 20°C) δ 191.5 (s, C=O), 96.6 (s, C5(CH3)5), 55.7 (s, OCH3), 
54.9 (d, P(OCH3)3, 
2JCP = 8 Hz), 38.5 (s, β-CH2), 9.2 (s, C5(CH3)5), 7.3 (s, α-CH2).  Anal. 
Calcd. for C49H43F24O5BPCo: C, 46.39; H, 3.42.  Found:  C, 46.15; H, 3.17. 
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Table 3.4. Crystallographic data for 1a·H2O, 1b and 9a 
 1a·H2O 1b 9a 
formula C47H43F24O4PBCo C47H41F24PBCo C49H43F24O5PBCo 
fw 1228.52 1162.51 1268.54 
cryst syst Triclinic Orthorhombic Monoclinic 
space group P-1 Pbca P21/c 
a (Å) 10.3961(8) 18.1005(4) 12.8214(4) 
b (Å) 15.3779(10) 19.3274(4) 21.0585(6) 
c (Å) 17.9619(13) 27.7687(6) 19.7828(8) 
α (deg) 93.743(5) 90 90 
β (deg) 104.803(5) 90 98.726(2) 
γ (deg) 105.259(5) 90 90 
V (Å3) 2651.2(3) 9714.5(4) 5279.5(3) 
Z 2 8 4 
Dcalcd (Mg/m
3) 1.539 1.590 1.596 
λ (Å) 1.54178 (Cu) 0.71073 (Mo) 0.71073 (Mo) 
µ (mm-1) 3.979 0.513 0.486 
cryst dimens (mm3) 0.20 x 0.15 x 0.15 0.25 x 0.20 x 0.05 0.25 x 0.10 x 0.10 
T (K) 100(2) 100(2) 100(2) 
θ range (deg) 2.57 - 65.00 1.47 - 25.06 1.42 – 25.00 
no. of rflns 28674 42497 37245 
no. of indep rflns 8524 8596 9297 
R1 0.0831 0.0420 0.0744 
wR2 0.2127 0.0950 0.1898 
Rall 0.1111 0.0714 0.1139 
GOF 1.050 1.004 1.034 
 
 Isomerization of 9a’ to 9a in the absence of H2.  A ~ 8:1 mixture of 9a’:9a was 
generated from 2a and methyl acrylate in a J-Young NMR tube as described above.  Upon 
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consumption of 2a, excess H2 was removed from the reaction via three freeze-pump-thaw 
cycles.  The reaction was then monitored via 1H NMR over the course of 24 hrs at 20°C 
resulting in a 1:11 ratio of  9a’:9a. 
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Appendix 
 The following complexes were investigated in regard to possible new insertion 
chemistry of diazoalkanes, O-atom transfer reagents and azides into M-Calkyl or M-Caryl 
bonds.  In addition to the new complexes described below, several reported ethylene 
polymerization catalysts ((α-diimine)M(R)(L)+ and (anilinotropone)Ni(PPh3)(Ph)) were also 
explored.  While these studies met with only very limited success, the preparation and 
characterization of these new complexes is included here for completeness. 
 General Methods: All manipulations of air and/or moisture sensitive compounds 
were conducted using standard Schlenk techniques.  Argon was purified by passage through 
columns of BASF R3-11 catalyst (Chemalog) and 4 Å molecular sieves.  Toluene, pentane, 
hexane, methylene chloride and diethyl ether were deoxygenated and dried over a column of 
activated alumina.1  Tetrahydrofuran was distilled from sodium/benzophenone ketyl under 
nitrogen. 
 Materials:  All materials were purchased and used as received unless indicated 
otherwise.  Na[B(ArF)4]
2 (ArF = 3,5-(CF3)2C6H3) and H(OEt2)2B(ArF)4
3 were prepared 
according to literature procedures.  Polymer grade ethylene (99.9%), carbon monoxide and 
hydrogen were purchased from National Welders Supply Co. and used as received.  
Methylene chloride-d2 and acetone-d6 were purchased from Cambridge Isotope Laboratories, 
dried over CaH2 and degassed using freeze-pump-thaw techniques.  All 
1H, 13C, 19F and 
31P{1H} NMR spectra were recorded on Bruker Avance 300, 400 or 500 MHz spectrometers 
and calibrated at low temperature using MeOH.  Chemical shifts are reported relative to 
internal CHDCl2 (δ 5.32 for 1H), CHD2C(O)CD3 (δ 2.05 for 1H), CD2Cl2 (δ 54.00 for 13C), 
external 85% H3PO4 (δ 0.00 for 31P) and CFCl3 (δ 0.00 for 19F). 
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 NMR data for [B(ArF)4]
-
 anion.  The 1H and 13C NMR chemical shifts of the 
B(ArF)4
- counter anion do not change significantly with temperature and are reported here for 
all complexes.  1H NMR (CD2Cl2) δ 7.70 (8H, s, ArF o-H), 7.55 (4H, s, ArF p-H).  13C NMR 
(CD2Cl2) δ 162.0 (q, Cipso, 1JCB = 67 Hz), 135.0 (d, Cortho, 1JCH = 163 Hz), 129.0 (q, Cmeta, 2JCF 
= 47 Hz), 125.0 (q, CF3, 
1JCF = 378 Hz), 117.5 (d, Cpara, 
1JCH = 163 Hz). 
 Synthesis of anilinotropone nickel complexes.  2-(2,4,6-trimethylanilino)tropone  
This ligand was synthesized according to previously published procedures for related 2-
anilinotropones4 starting from 2-(trifluoromethanesulfonato)tropone (0.533 g, 2.09 mmol) 
and 2,4,6-trimethylaniline (0.339 g, 2.51 mmol).  The product was obtained after column 
chromatography as an orange solid (0.387 g, 77%).  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 
8.32 (1H, bs, NH), 7.30 (1H, ddd, H2, 3JH2,H1 = 11.5 Hz, 3JH2,H3 = 9 Hz, 4JH2,H4 = 1 Hz), 7.18 
(1H, d, H1, 3JH1,H2 = 11.5 Hz), 7.06 (1H, apparent td, H3, 3JH3,H2 = 3JH3,H4 = 9 Hz, 4JHH = 1 
Hz), 7.00 (2H, s, m-HNAr), 6.69 (1H, t, H4, 3JH4,H3 = 3JH4,H5 = 9.5 Hz), 6.18 (1H, d, H5, 3JH5,H4 
= 9.5 Hz), 2.33 (3H, s, p-CH3), 2.09 (6H, s, o-CH3).   
O HN
CH3
H3C
CH3
H3
H2
H1H5
H4
 
 Sodium salt of 2-(2,4,6-trimethylanilino)tropone.  This compound was prepared 
according to previously published procedures for related sodium salts of 2-anilinotropones5 
starting from 2-(2,4,6-trimethylanilino)tropone (0.111 g, 0.464 mmol) and NaH (0.013 g, 
0.557 mmol).  The product was obtained as a yellow powder (0.132 g, 85%). 
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 2-(2,4,6-trimethylanilino)tropone)Ni(Ph)(PPh3).  This complex was prepared 
according to previously published procedures for related (2-anilinotropone)Ni(Ph)(PPh3) 
complexes6 starting from 2-(2,4,6-trimethylanilino)tropone (0.138 g, 0.575 mmol), NaH 
(0.019 g, 0.805 mmol) and (PPh3)2Ni(Ph)Cl (0.400 g, 0.575 mmol).  The product was 
obtained after recrystallization from toluene/pentane at -30°C as an orange solid (0.109 g, 
30%).  This complex can also be prepared by addition of the isolated Na salt of 2-(2,4,6-
trimethylanilino)tropone to (PPh3)2Ni(Ph)Cl as described previously.5  1H NMR (CD2Cl2, 
399.80 MHz, 20°C) δ 7.53 – 7.44 (6H, m, PPh3), 7.41 – 7.34 (3H, m, PPh3), 7.31 – 7.24 (6H, 
m, PPh3), 6.95 (1H, apparent t, H2), 6.85 – 6.70 (3H, m, H3, H4 and H1), 6.55 (1H, d, H5), 
6.51 (2H, s, m-HNAr), 6.47 (1H, t, p-HNiPh), 6.23 (2H, d, o-HNiPh), 6.10 (2H, t, m-HNiPh), 2.14 
(6H, s, o-CH3), 2.05 (3H, s, p-CH3).  31P{1H} NMR (CD2Cl2, 161.8 MHz, 20°C) δ 28.93. 
 Synthesis of pyridine bis-imine nickel and palladium complexes.  (NNN)NiBr2 
(NNN = (2,6-bis(1-(phenylimino)ethyl)pyridine)).  In a flame dried Schlenk flask a 
solution of 2,6-bis(1-(phenylimino)ethyl)pyridine7 (160 mg, 0.510 mmol) in methylene 
chloride (3 mL) was added to a suspension of (DME)NiBr2 (DME = 1,2-dimethoxyethane; 
154 mg, 0.500 mmol) in methylene chloride (5 mL).  The mixture was diluted with 
methylene chloride (7 mL) and the mixture was stirred overnight at room temperature.  The 
volatiles were removed in vacuo and the remaining solid was washed with hexane (3 x 10 
mL) and dried in vacuo to give a red-brown solid (205 mg, 77%).  The solid is too insoluble 
for 1H NMR analysis. 
 (NNNiPr4)NiBr2 (NNNiPr4 = 2,6-bis(1-((2,6-diisopropylphenyl)imino)ethyl) 
pyridine).  This complex was synthesized following the previously described procedure for 
the analogous (NNN)NiBr2 complex starting from 2,6-bis(1-((2,6-diisopropylphenyl)imino) 
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ethyl)pyridine8 (0.506 g, 1.05 mmol) and (DME)NiBr2 (0.309 g, 1.00 mmol).  The product 
was obtained as an orange brown solid (0.673 g, 96%).  The 1H NMR spectrum is broad due 
to the paramagnetic Ni(II) center. 
 (NNNMe6)NiBr2 (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino)ethyl) 
pyridine).  This complex was synthesized following the previously described procedure for 
the analogous (NNN)NiBr2 complex starting from 2,6-bis(1-((2,4,6-trimethylphenyl)imino) 
ethyl)pyridine9 (1.288 g, 3.24 mmol) and (DME)NiBr2 (1.00 g, 3.24 mmol).  The product 
was obtained as a light brown solid (1.22 g, 61%).  The 1H NMR spectrum is broad due to 
the paramagnetic Ni(II) center. 
 [(NNNiPr4)NiBr][SbF6] (NNNiPr4 = 2,6-bis(1-((2,6-diisopropylphenyl)imino)ethyl) 
pyridine).  (NNNiPr4)NiBr2 (0.100 g, 0.143 mmol) and AgSbF6 (0.052 g, 0.149 mmol) were 
combined in a flame dried Schlenk flask.  The solids were dissolved in methylene chloride (5 
mL) and the solution was stirred at room temperature for 30 minutes.  The product was 
isolated via cannula filtration and precipitated from pentane as a red orange powder (0.095 g, 
78%).  X-ray quality crystals of [(NNNiPr4)NiBr][SbF6] were obtained by slow evaporation of 
solvent from a concentrated methylene chloride solution (see Figure A.1 and Table A.1 for 
crystallographic details).  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.61 (1H, t, p-Hpy, 3JHH = 
8 Hz), 8.09 (2H, d, m-Hpy, 3JHH = 8 Hz), 7.31 (2H, t, p-HNAr, 3JHH = 8 Hz), 7.15 (4H, d, m-
HNAr, 3JHH = 8 Hz), 3.27 (4H, septet, CH(CH3)(CH’3), 3JHH = 7 Hz), 2.23 (6H, s, N=C(CH3)), 
1.42 (12H, d, CH(CH3)(CH’3), 3JHH = 7 Hz), 1.18 (12H, d, CH(CH3)(CH’3), 3JHH = 7 Hz). 
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Figure A.1.  ORTEP representation of [(NNNiPr4)NiBr][SbF6]·CH2Cl2.  The SbF6 counterion 
and CH2Cl2 of crystallization have been omitted for clarity.  Selected bond lengths (Å) and 
angles (deg): Ni(1)-Br(1) 2.2744(4), Ni(1)-N(1) 1.9373(22), Ni(1)-N(16) 1.8282(21), Ni(1)-
N(24) 1.9349(22); Br(1)-Ni(1)-N(1) 98.51(6), Br(1)-Ni(1)-N(16) 176.41(7), Br(1)-Ni(1)-
N(24) 97.91(6), N(1)-Ni(1)-N(24) 163.36(9), N(1)-Ni(1)-N(16) 82.05(9), N(16)-Ni(1)-N(24) 
81.73(9).  (Reference: c04018). 
 
 [(NNNMe6)NiBr][SbF6] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino)ethyl) 
pyridine).  This complex was synthesized following the previously described procedure for 
the analogous [(NNNiPr4)NiBr][SbF6] complex starting from (NNNMe6)NiBr2 (0.500 g, 0.812 
mmol) and AgSbF6 (0.279 g, 0.812 mmol).  The product was obtained as a light red solid 
(0.434 g, 69%).  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.56 (1H, t, p-Hpy, 3JHH = 8 Hz), 
8.04 (2H, d, m-Hpy, 3JHH = 8 Hz), 6.89 (4H, s, m-HNAr), 2.34 (12H, s, o-CH3 NAr), 2.29 (6H, s, 
N=C(CH3)), 2.15 (6H, s, p-CH3 NAr). 
 [(NNNiPr4)Ni(CH3)][SbF6] (NNNiPr4 = 2,6-bis(1-((2,6-diisopropylphenyl)imino) 
ethyl)pyridine).  [(NNNiPr4)NiBr][SbF6] (0.050 g, 0.058 mmol) was dissolved in diethyl 
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ether (5 mL) in a flame dried Schlenk flask and cooled to -78°C.  MeMgBr (0.029 mL, 3.0 M 
in diethyl ether) was added to the stirring solution via syringe and the mixture was stirred for 
2 hr at -78°C.  Volatiles were removed in vacuo to give a red brown residue which was taken 
up in methylene chloride (20 mL) and filtered through a 1 cm plug of Celite.  The solution 
was concentrated to ~2 mL and pentane was added to precipitate the product which was 
isolated via cannula filtration and dried in vacuo as a brown solid (0.015 g, 30%). 1H NMR 
(CD2Cl2, 399.80 MHz, 20°C) δ 8.65 (1H, bs, p-Hpy), 8.31 (2H, bs, m-Hpy), 7.33 (2H, t, p-
HNAr, 3JHH = 7 Hz), 7.24 (4H, t, m-HNAr, 3JHH = 7 Hz), 3.08 (4H, septet, CH(CH3)(CH’3), 3JHH 
= 7 Hz), 2.32 (6H, s, N=C(CH3)), 1.29 (12H, d, CH(CH3)(CH’3), 3JHH = 7 Hz), 1.19 (12H, d, 
CH(CH3)(CH’3), 3JHH = 7 Hz), -0.65 (3H, s, Ni-CH3). 
 [(NNNMe6)Ni(CH3)][SbF6] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino) 
ethyl)pyridine).  [(NNNMe6)NiBr][SbF6] (0.100 g, 0.129 mmol) was dissolved in diethyl 
ether (5 mL) in a flame dried Schlenk flask and cooled to -78°C.  MeLi (0.085 mL, 1.6 M in 
diethyl ether) was added to the stirring solution via syringe and the mixture was stirred for 2 
hr at -78°C and then allowed to warm to room temperature over night.  Volatiles were 
removed in vacuo to give a reddish residue which was taken up in methylene chloride (10 
mL) and isolated via cannula filtration.  The solution was concentrated to ~5 mL before 
pentane (50 mL) was added to precipitate the product.  The light red solid was isolated via 
cannula filtration, washed with pentane (2 x 5 mL) and dried in vacuo (0.072 g, 78%).  1H 
NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.45 (1H, bs, p-Hpy), 8.12 (2H, bs, m-Hpy), 6.95 (4H, s, 
m-HNAr), 2.28 (6H, s, p-CH3 NAr), 2.20 (6H, s, N=C(CH3)), 2.18 (12H, s, o-CH3 NAr), -0.78 
(3H, s, Ni-CH3). 
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 [(NNNiPr4)Pd(CH3)][B(ArF)4] (NNNiPr4 = 2,6-bis(1-((2,6-diisopropylphenyl)imino) 
ethyl)pyridine; ArF = 3,5-(CF3)2C6H3).  2,6-bis(1-((2,6-diisopropylphenyl)imino)ethyl) 
pyridine (0.091 g, 0.189 mmol), NaB(ArF)4 (0.164 g, 0.185 mmol) and (COD)Pd(CH3)Cl 
(COD = 1,5-cyclooctadiene, 0.050 g, 0.189 mmol) were combined in a flame dried Schlenk 
flask and cooled to -78°C.  Methylene chloride (5 mL) was added to dissolve the solids and 
the mixture was stirred at -78°C for 1 hr.  NaCl was removed via cannula filtration, the 
filtrate was concentrated in vacuo to ~2 mL and pentane (25 mL) was added to precipitate the 
product which was isolated via cannula filtration.  The yellow solid was washed with pentane 
(5 mL) and dried in vacuo (0.218 g, 79%).  X-ray quality crystals of [(NNNiPr4)Pd(CH3)] 
[B(ArF)4] were obtained by slow evaporation of solvent from a concentrated methylene 
chloride solution (see Figure A.2 and Table A.1 for crystallographic details).  1H NMR 
(CD2Cl2, 399.80 MHz, 20°C) δ 8.32 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.08 (2H, d, m-Hpy, 3JHH = 8 
Hz), 7.34 (2H, dd, p-HNAr, 3JHH = 6 Hz and 9 Hz), 7.27 (4H, d, m-HNAr, 3JHH = 8 Hz), 2.92 
(4H, septet, CH(CH3)(CH’3), 3JHH = 7 Hz), 2.38 (6H, s, N=C(CH3)), 1.22 (12H, d, 
CH(CH3)(CH’3), 3JHH = 7 Hz), 1.17 (12H, d, CH(CH3)(CH’3), 3JHH = 7 Hz), -0.09 (3H, s, Pd-
CH3). 
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Figure A.2.  ORTEP representation of [(NNNiPr4)Pd(CH3)][B(ArF)4]·0.25CH2Cl2.  The 
B(ArF)4 anion and CH2Cl2 of crystallization have been omitted for clarity.  Selected bond 
lengths (Å) and angles (deg): Pd(1)-C(1) 2.025(6), Pd(1)-N(2) 2.064(5), Pd(1)-N(18) 
2.000(5), Pd(1)-N(26) 2.080(5); C(1)-Pd(1)-N(2) 100.33(23), C(1)-Pd(1)-N(18) 177.7(3), 
C(1)-Pd(1)-N(26) 102.62(23), N(2)-Pd(1)-N(18) 78.32(20), N(2)-Pd(1)-N(26) 157.03(20), 
N(18)-Pd(1)-N(26) 78.77(20).  (Reference: c04027). 
 
 [(NNNMe6)Pd(CH3)][B(ArF)4] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino) 
ethyl)pyridine; ArF = 3,5-(CF3)2C6H3).  This complex was prepared following the 
previously described procedure for the analogous [(NNNiPr4)Pd(CH3)][B(ArF)4] complex 
starting from 2,6-bis(1-((2,4,6-trimethylphenyl)imino)ethyl)pyridine (0.075 g, 0.189 mmol), 
NaB(ArF)4 (0.176 g, 0.198 mmol) and (COD)Pd(CH3)Cl (0.050 g, 0.189 mmol).  The product 
was obtained as a light orange powder (0.229 g, 88%).  1H NMR (CD2Cl2, 399.80 MHz, 
20°C) δ 8.31 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.04 (2H, d, m-Hpy, 3JHH = 8 Hz), 6.98 (4H, s, m-
HNAr), 2.30 (12H, s, o-CH3 NAr), 2.13 (12H, s, p-CH3 NAr and N=C(CH3)), -0.18 (3H, s, Pd-
CH3). 
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 [(NNNMe6)PdCl][B(ArF)4] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino) 
ethyl)pyridine; ArF = 3,5-(CF3)2C6H3).  This complex was prepared following the 
previously described procedure for the analogous [(NNNiPr4)Pd(CH3)][B(ArF)4] complex 
starting from 2,6-bis(1-((2,4,6-trimethylphenyl)imino)ethyl)pyridine (1.39 g, 3.50 mmol), 
NaB(ArF)4 (3.10 g, 3.50 mmol) and (COD)PdCl2 (1.00 g, 3.50 mmol).  The product was 
obtained as a yellow solid (4.69 g, 96%).  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.41 (1H, 
d, p-Hpy, 3JHH = 8 Hz), 8.00 (2H, t, m-Hpy, 3JHH = 8 Hz), 6.99 (4H, s, m-HNAr), 2.33 (6H, s, 
N=C(CH3)), 2.31 (6H, s, p-CH3 NAr), 2.23 (12H, s, o-CH3 NAr). 
 [(NNNMe6)Pd(C(O)CH3)][B(ArF)4] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl) 
imino)ethyl)pyridine; ArF = 3,5-(CF3)2C6H3).  [(NNNMe6)Pd(CH3)][B(ArF)4] (0.060 g, 
0.043 mmol) was dissolved in methylene chloride (5 mL) in a flame dried degassed Schlenk 
flask.  The solution was saturated with CO gas via a needle at room temperature for ~10 
minutes, concentrated to ~1 mL and pentane (15 mL) was added under a CO atmosphere to 
precipitate the product.  An orange solid was isolated via cannula filtration, washed with 
pentane (2 x 5 mL) and dried under a flow of CO gas (0.042 g, 69%).  X-ray quality crystals 
of [(NNNMe6)Pd(C(O)CH3)][B(ArF)4] were obtained by slow evaporation of solvent from a 
concentrated methylene chloride solution under a CO atmosphere (see Figure A.3 and Table 
A.1 for crystallographic details).  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.32 (1H, t, p-Hpy, 
3JHH = 8 Hz), 8.07 (2H, d, m-Hpy, 3JHH = 8 Hz), 6.95 (4H, s, m-HNAr), 2.32 (6H, s, 
N=C(CH3)), 2.29 (6H, s, p-CH3 NAr), 2.20 (12H, s, o-CH3 NAr), 1.38 (3H, s, C(O)CH3). 
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Figure A.3.  ORTEP representation of [(NNNMe6)PdC(O)CH3][B(ArF)4].  The B(ArF)4 anion 
has been omitted for clarity.  Selected bond lengths (Å) and angles (deg): Pd(1)-C(1) 
1.968(9), Pd(1)-N(4) 2.090(7), Pd(1)-N(21) 2.035(7), Pd(1)-N(24) 2.103(7), C(1)-O(2) 
1.190(14), C(1)-C(3) 1.462(18); C(1)-Pd(1)-N(4) 103.3(4), C(1)-Pd(1)-N(21) 177.9(4), C(1)-
Pd(1)-N(24) 101.5(4), N(4)-Pd(1)-N(21) 77.6(3), N(4)-Pd(1)-N(24) 155.2(3), N(21)-Pd(1)-
N(24) 77.6(3), Pd(1)-C(1)-O(2) 118.2(8), Pd(1)-C(1)-C(3) 120.4(8), O(2)-C(1)-C(3) 
121.5(10).  (Reference: c04059). 
 
 [(NNNMe6)Pd(MeOH)][B(ArF)4][OTf] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethyl-
phenyl)imino)ethyl)pyridine; ArF = 3,5-(CF3)2C6H3).  [(NNNMe6)PdCl][B(ArF)4] (0.030 g, 
0.021 mmol), AgOTf (OTf = OS(O)2CF3, 0.006 g, 0.023 mmol) and MeOH (0.004 mL, 
0.107 mmol) were dissolved in CD2Cl2 (0.600 mL) in a NMR tube.  The tube was rotated 
overnight at room temperature to generate a bright orange solution of the desired product 
with a small amount of precipitate observed (AgCl) (100% yield by 1H NMR).  Attempts to 
isolate this species lead instead to the [(NNNMe6)Pd(OTf)][B(ArF)4] complex described 
below.  1H NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.51 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.03 (2H, 
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d, m-Hpy, 3JHH = 8 Hz), 7.00 (4H, s, m-HNAr), 3.27 (broad s, rapidly exchanging bound and 
free CH3OH), 2.41 (6H, s, N=C(CH3)), 2.32 (12H, s, o-CH3 NAr), 2.27 (6H, s, p-CH3 NAr), 
1.28 (bs, rapidly exchanging bound and free CH3OH). 
 [(NNNMe6)Pd(OTf)][B(ArF)4] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl) 
imino)ethyl)pyridine; OTf = OS(O)2CF3; ArF = 3,5-(CF3)2C6H3).  [(NNNMe6)PdCl] 
[B(ArF)4] (0.100 g, 0.071 mmol) and AgOTf (0.020 g, 0.078 mmol) were combined in a 
flame dried Schlenk flask with methylene chloride (10 mL) and stirred at room temperature 
overnight.  AgCl was removed from the bright orange solution via cannula filtration, the 
filtrate was concentrated in vacuo to ~2 mL and hexane (15 mL) was added to precipitate the 
product as an orange solid and dried in vacuo (0.067 g, 62%).  1H NMR (CD2Cl2, 400.13 
MHz, 20°C) δ 8.53 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.04 (2H, d, m-Hpy, 3JHH = 8 Hz), 6.99 (4H, s, 
m-HNAr), 2.39 (6H, s, N=C(CH3)), 2.32 (12H, s, o-CH3 NAr), 2.28 (6H, s, p-CH3 NAr). 19F 
NMR (CD2Cl2, 376.49 MHz, 20°C) δ -63.40 (s, CF3 B(ArF)4), -78.84 (s, CF3 OTf). 
 [(NNNMe6)Pd(C2H4)][B(ArF)4][OTf] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl) 
imino)ethyl)pyridine; OTf = OS(O)2CF3; ArF = 3,5-(CF3)2C6H3).  [(NNNMe6)Pd(OTf)] 
[B(ArF)4] (0.015 g, 0.0099 mmol) was dissolved in CD2Cl2 (0.500 mL) in a J-Young NMR 
tube.  The solution was degassed using three freeze-pump-thaw cycles and back-filled with 
ethylene to generate a ~1:1 mixture of the Pd(C2H4):Pd(OTf) complexes.  Attempts to isolate 
the Pd(C2H4) complex lead to recovery of the Pd(OTf) starting material and the formation of 
Pd(0).  1H NMR (CD2Cl2, 400.13 MHz, 20°C) δ 8.63 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.17 (2H, d, 
m-Hpy, 3JHH = 8 Hz), 7.06 (4H, s, m-HNAr), 4.67 (4H, bs, bound C2H4), 2.41 (6H, s, 
N=C(CH3)), 2.35 (12H, s, o-CH3 NAr), 2.31 (6H, s, p-CH3 NAr).  19F NMR (CD2Cl2, 376.49 
MHz, 20°C) δ -63.42 (s, CF3 B(Arf)4), -79.30 (s, CF3 OTf). 
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 [(NNNMe6)Pd(CO)][B(ArF)4][OTf] (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl) 
imino)ethyl)pyridine; OTf = OS(O)2CF3; ArF = 3,5-(CF3)2C6H3).  [(NNNMe6)Pd(OTf)] 
[B(ArF)4] (0.015 g, 0.0099 mmol) was dissolved in CD2Cl2 (0.500 mL) in a J-Young NMR 
tube.  The solution was degassed using three freeze-pump-thaw cycles and back-filled with 
CO to generate a ~3:2 mixture of the Pd(CO):Pd(OTf) complexes.  Attempts to isolate the 
Pd(CO) complex lead to recovery of the Pd(OTf) starting material and the formation of 
Pd(0).  1H NMR (CD2Cl2, 400.13 MHz, 20°C) δ 8.59 – 8.45 (3H, m, m-Hpy and p-Hpy), 7.12 
(4H, s, m-HNAr), 2.82 (6H, s, N=C(CH3)), 2.38 (6H, s, p-CH3 NAr), 2.22 (12H, s, o-CH3 NAr). 
 [(NNNMe6)Pd][B(ArF)4]2 (NNNMe6 = 2,6-bis(1-((2,4,6-trimethylphenyl)imino) 
ethyl)pyridine; ArF = 3,5-(CF3)2C6H3). [(NNNMe6)PdCl][B(ArF)4] (0.020 g, 0.014 mmol) 
and TlB(ArF)4 (0.016 g, 0.015 mmol) were dissolved in CD2Cl2 (0.500 mL) in a screw cap 
NMR tube.  The desired product was generated as the major species by 1H NMR, however 
addition of ethylene or CO led to no observable change in the spectrum.  1H NMR (CD2Cl2, 
400.13 MHz, 20°C) δ 8.50 (1H, t, p-Hpy, 3JHH = 8 Hz), 8.06 (2H, d, m-Hpy, 3JHH = 8 Hz), 6.95 
(4H, s, m-HNAr), 2.36 (6H, s, N=C(CH3)), 2.24 (6H, s, p-CH3 NAr), 2.16 (12H, s, o-CH3 NAr).  
19F NMR (CD2Cl2, 376.49 MHz, 20°C) δ -63.12. 
 Synthesis of bis(1-methylimidazole)methane palladium complexes.  
(Mim)2CH(n-pentyl) (Mim = N-methylimidazole).  This ligand was prepared using a 
similar procedure to that reported for the analogous (Mim)2CH(n-hexyl) compound.10  
(Mim)CH211 (0.313 g, 1.78 mmol) was dissolved in tetrahydrofuran (THF) (75 mL) in a 
flame dried degassed Schlenk flask and cooled to -78°C.  n-BuLi (0.782 mL, 1.96 mmol, 2.5 
M in hexane) was added dropwise via syringe to give a yellow solution which was stirred at -
78°C for 2 hr.  1-iodopentane (0.435 g, 2.13 mmol) was added dropwise via syringe and the 
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mixture was stirred while warming to 25°C over 13 hr.  Volatiles were removed in vacuo to 
give a pale white oil which was taken up in methylene chloride (100 mL), washed with water 
(150 mL), aqueous sodium bicarbonate (150 mL), brine (150 mL) and the dried over Na2SO4.  
The yellow solution was filtered, concentrated by rotary evaporation and diluted with 
pentane (30 mL) before removing the volatiles in vacuo to give a yellow solid.  This solid 
was extracted with hexane (3 x 100 mL) and dried in vacuo to give a white powder (0.367 g, 
84%). X-ray quality crystals of (Mim)2CH(n-pentyl) were obtained by slow evaporation of 
solvent from a concentrated pentane solution (see Figure A.4 and Table A.1 for 
crystallographic details).  1H NMR (CD2Cl2, 400.13 MHz, 20°C) δ 6.85 (2H, d, Himidazole, 
3JHH = 1 Hz), 6.77 (2H, s, Himidazole, 3JHH = 1 Hz), 4.34 (1H, t, CH(Im)2(R), 3JHH = 8 Hz), 3.45 
(6H, s, N-CH3), 2.24 (2H, q, CH(Im)2(CH2C4H9), 3JHH = 8 Hz), 1.29 (6H, m, overlapping 
CH2’s), 0.86 (3H, t, CH3 pentyl), 3JHH = 7 Hz). 
 ((Mim)2CH(n-pentyl))Pd(CH3)Cl (Mim = N-methylimidazole).  This complex was 
prepared using a similar procedure to that reported for the analogous [(Mim)2CH(n-
hexyl)]Pd(CH3)Cl compound.10  (Mim)2CH(n-pentyl) (0.200 g, 0.812 mmol) and 
(COD)Pd(CH3)Cl (0.202 g, 0.762 mmol) were dissolved in toluene (30 mL) in a flame dried 
Schlenk flask under argon and stirred at room temperature for 2 hr.  The volatiles were 
removed in vacuo and the oil was dissolved in methylene chloride (10 mL) in the dark (flask 
wrapped in aluminum foil) and pentane (50 mL) was added to precipitate the product.  The 
light yellow solid was isolated via cannula filtration, washed with pentane (2 x 10 mL) and 
dried in vacuo (0.153 g, 50%).  1H NMR (CD3C(O)CD3, 300.13 MHz, 20°C) δ 7.22 (1H, d, 
Himidazole, 3JHH = 1.5 Hz), 7.15 (1H, d, Himidazole, 3JHH = 1.5 Hz), 6.98 (1H, d, Himidazole, 3JHH = 
1.5 Hz), 6.95 (1H, d, Himidazole, 3JHH = 1.5 Hz), 4.64 (1H, t, CH(Im)2(R), 3JHH = 7.5 Hz), 3.92 
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(3H, s, N-CH3), 3.84 (3H, s, N-CH3), 2.41 – 2.26 (2H, m, CH(Im)2(CHH’C4H9) and 
CH(Im)2(CHH’C4H9)), 1.26 (6H, m, overlapping CH2’s), 0.83 (3H, t, CH3 pentyl, 3JHH = 7 Hz), 
0.59 (3H, s, Pd-CH3). 
 
Figure A.4.  ORTEP representation of (Mim)2CH(n-pentyl).  Selected bond lengths (Å) and 
angles (deg): C(1)-N(2) 1.459(3), N(2)-C(3) 1.376(3), C(3)-C(4) 1.350(4), C(4)-N(5) 
1.384(3), N(5)-C(6) 1.319(3), C(6)-N(2) 1.375(3), C(6)-C(13) 1.507(3), C(13)-C(12) 
1.504(3), C(12)-N(8) 1.357(3), N(8)-C(7) 1.464(3), N(8)-C(9) 1.377(3), C(9)-C(10) 1.352(4), 
C(10)-N(11) 1.379(3), N(11)-C(12) 1.321(3), C(13)-C(14) 1.525(4), C(14)-C(15) 1.543(5), 
C(15)-C(16) 1.523(5), C(16)-C(17) 1.538(6), C(17)-C(18)1.465(6); N(2)-C(3)-C(4) 104.7(6), 
C(3)-C(4)-N(5) 113.6(8), C(4)-N(5)-C(6) 101.9(9), N(5)-C(6)-N(2) 113.7(6), N(2)-C(6)-
C(13) 123.4(4), C(6)-C(13)-C(12) 110.5(2), C(13)-C(12)-N(8) 122.48(19), C(12)-N(8)-C(9) 
106.9(2), N(8)-C(9)-C(10) 105.7(2), C(9)-C(10)-N(11) 110.9(2), C(10)-N(11)-C(12) 
104.6(2), N(11)-C(12)-C(13) 125.7(2).  (Reference: c05223). 
 
 ((Mim)2CH2)Pd(CH3)Cl (Mim = N-methylmimidazole).  The [(Mim)2CH2]Pd 
(CH3)I complex has been reported previously,12 however the chloride complex has been 
isolated here using an analogous procedure to that described above for the [(Mim)2CH(n-
pentyl)]Pd(CH3)Cl complex.  The product is too insoluble for 1H NMR analysis.  Anal. Calcd 
for C10H15N4ClPd: C, 36.06; H, 4.54; N, 16.82.  Found: C, 35.82; H, 4.40; N, 16.28. 
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 [((Mim)2CH2)Pd(CH3)(NCArF)][SbF6] (Mim = N-methylimidazole; ArF = 3,5-
(CF3)2C6H3).  ((Mim)2CH2)Pd(CH3)Cl (0.050 g, 0.150 mmol) and NCArF (0.043 g, 0.180 
mmol) were combined in THF (2 mL) in a flame dried Schlenk flask under argon.  A solution 
of AgSbF6 (0.057 g, 0.165 mmol) in THF (2 mL) was added to the above mixture via cannula 
and the resulting mixture was stirred at room temperature for 1 hr.  The mixture was filtered 
to remove AgCl and the volatiles were removed in vacuo and pentane (20 mL) was added to 
precipitate the product.  The white solid was washed with pentane (2 x 10 mL), dried in 
vacuo and stored at -35°C in the glovebox to prevent decomposition (0.078 g, 67%).  1H 
NMR (CD2Cl2, 399.80 MHz, 20°C) δ 8.31 (3H, br s, o-HArF and p-HArF), 7.03 (3H, s, 
overlapping Himidazole), 6.96 (1H, s, Himidazole), 4.25 (2H, s, CH2(Im)2), 3.81 (3H, s, N-CH3), 
3.79 (3H, s, N-CH3), 0.96 (3H, s, Pd-CH3). 
 [((Mim)2CH(n-pentyl))Pd(CH3)(NCArF)][B(ArF)4] (Mim = N-methylimidazole; 
ArF = 3,5-(CF3)2C6H3).  This complex was prepared following the previously described 
procedure for the analogous [((Mim)2CH2)Pd(CH3)(NCArF)][SbF6] complex starting from 
((Mim)2CH(n-pentyl))Pd(CH3)Cl (0.230 g, 0.570 mmol), NCArF (0.199 g, 0.843 mmol) and 
NaB(ArF)4 (0.556 g, 0.628 mmol).  The product was obtained as a gray solid (0.636 g, 76%).  
1H NMR (CD2Cl2, 300.13 MHz, 20°C) δ 8.30 (3H, m, o-HArF and p-HArF), 7.00 (1H, s, 
Himidazole), 6.96 (1H, s, Himidazole), 6.94 (1H, s, Himidazole), 6.92 (1H, s, Himidazole), 4.22 (1H, t, 
CH(Im)2(R), 3JHH = 7.5 Hz), 3.74 (3H, s, N-CH3), 3.71 (3H, s, N-CH3), 2.50 – 2.15 (2H, m, 
CH(Im)2(CHH’C4H9) and CH(Im)2(CHH’C4H9)), 1.29 (6H, m, overlapping CH2’s), 0.99 
(3H, s, Pd-CH3), 0.86 (3H, t, CH3 pentyl, 3JHH = 6 Hz). 
 [((Mim)2CH2)Pd(C(O)CH3)(CO)][SbF6] (Mim = N-methylimidazole).  This 
complex was generated in situ in an NMR tube.  [((Mim)2CH2)Pd(CH3)(NCArF)][SbF6] 
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(0.010 g, 0.013 mmol) was dissolved in CD2Cl2 (0.450 mL) in a J-Young NMR tube, 
degassed using three freeze-pump-thaw cycles and backfilled with CO gas.  The desired 
product was generated in quantitative yield based on 1H NMR.  1H NMR (CD2Cl2, 300.13 
MHz, 20°C) δ 7.04 (2H, s, overlapping Himidazole), 6.85 (1H, s, Himidazole), 6.79 (1H, s, 
Himidazole), 4.31 (2H, s, CH2(Im)2), 3.81 (3H, s, N-CH3), 3.79 (3H, s, N-CH3), 2.66 (3H, s, Pd-
C(O)CH3). 
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Table A.1. Crystallographic data 
 [(NNNiPr4)NiBr][SbF6]·
CH2Cl2 
[(NNNiPr4)Pd(CH3)][B(ArF)4]
·0.25 CH2Cl2 
[(NNNMe6)Pd(C(O)CH3][B(ArF)4] (mim)CH(n-pentyl) 
formula C34H45F6N3Cl2BrSbNi C66H58F24N3BPd·0.25 CH2Cl2 C61H46F24N3BOPd C14H22N4 
fw 941.00 1487.60 1410.21 246.36 
cryst syst Triclinic Monoclinic Monoclinic Monoclinic 
space group P-1 P 21/c P 21/n P 21/c 
a (Å) 10.0282(2) 17.6159(4) 17.1986(10) 17.1156(14) 
b (Å) 11.8749(3) 17.9421(4) 12.3576(6) 8.7405(7) 
c (Å) 16.4172(4) 22.6292(5) 28.6346(17) 10.0910(7) 
α (deg) 93.961(2) 90.0 90.0 90.0 
β (deg) 101.811(2) 105.618(1) 90.451(2) 106.236(5) 
γ (deg) 90.350(2) 90.0 90.0 90.0 
V (Å3) 1908.65(8) 6888.2(3) 6085.6(6) 1449.40(19) 
Z 2 4 4 4 
Dcalcd (Mg/m3) 1.637 1.434 1.539 1.129 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
µ (mm-1) 2.45 0.39 0.42 0.070 
cryst dimens 
(mm3) 
0.30 x 0.30 x 0.05 0.35 x 0.10 x 0.10 0.30 x 0.20 x 0.10 0.20 x 0.20 x 0.10 
T (K) 173 173 173 173 
θ range (deg) 5.00 – 56.00 5.00 – 50.00 5.00 – 50.00 1.24 – 25.06 
no. of rflns. 35710 73646 42243 11113 
no. of indep 
rflns 
9129 12192 10720 2558 
R1 0.033 0.064 0.075 0.0556 
wR2 0.043 0.077 0.067 0.1499 
Rall 0.041 0.109 0.172 0.0803 
GOF 2.4751 2.3170 1.0836 1.119 
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